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The development of interventional cardiology has followed the 
 evolutionary trend of internal medicine. After World War II and 
during the latter part of the twentieth century, the number of 
subspecialties in the field of Internal Medicine exploded. The 
“Great Internal Medicine” became Cardiology, Pneumonology, 
Gastroenterology, Endocrinology, and so on.

Interventional cardiology was originally created by Andreas 
Grüntzig when, for the first time in a conscious patient, he applied 
the technique of percutaneous transluminal angioplasty: the whole 
intervention consisted of “inflating” a balloon inside the narrowed 
section of a coronary artery. It took almost two decades to diversify 
the approach of the percutaneous treatment of coronary artery 
 disease with devices such as directional atherectomy, rotational 
atherectomy, and stenting.

The ground‐breaking work in congenital treatment, the first 
pulmonary balloon angioplasty, the first closure of an atrial septum 
defect, almost went unnoticed by the “mature” interventional 
 cardiologist. It was not until Alain Cribier’s pioneering work that 
the field of adult valvular intervention ushered in the specialty of 
interventional cardiology outside the coronary arteries.

In the 1990s the term TCT was coined (transcatheter treatment) 
and this further evolved into the concept of percutaneous coronary 
intervention (PCI), which today englobes and comprises intracra-
nial treatment, carotid treatment, aortic arch reconstruction, 
descending aorta, femoral, popliteal, pedal artery, most of the 
 congenital abnormalities including ASD, VSD, patent ductus 
 arteriosus, and also left atrial appendage and most recently the 
extraordinary explosion of devices to treat aortic stenosis, aortic 
regurgitation, and mitral valve stenosis … as well as others such as 
the alcoholization of the interventricular septum in hypertrophic 
cardiomyopathy.

As a consequence of this diversification, we see highly specialized 
doctors in interventional cardiology, who dedicate their time to 
total chronic occlusion, bifurcation, aortic stenosis with TAVR, 
mitral clips, mitral valve replacement, and so on.

What is striking is that the development of a highly specialized 
subspecialty requires an in‐depth knowledge of very specific 
details to efficiently and safely perform these interventions. For 
instance, the transseptal punctures for left appendage closure or 
clip implantation are quite different and necessitate 3D imaging 
online with precise measurement in 3D dimension of the site of 
the puncture, which has to be a few millimeters below, above, at 
the back, in the front of the septum, and so on. Thus, the new 
generation gets involved in a very granular analysis of the 
 syndromes, techniques, type of lesion, and type of imaging, and 
may, at some point, lose the “helicopter view of the field.” 
Therefore we must commend the editors of the second edition of 
the Interventional Cardiology for having a very broad and wide 
description of the field, which is an increasingly challenging 
endeavor.

It would be easy to be laudative about the content. It is apparent 
that all the authors have done their utmost to cover the field. It is 
always very challenging to start and maintain a so‐called “ textbook.” 
In my personal experience as an editor/co‐editor of 42 (text) books; 
I can frankly say that a textbook in the field is a most exacting 
 activity, in the sense that only a few great names have been able to 
repeat the experience multiple times during their lifetime and their 
textbook became such a historical entity that the baton was taken 
up by other people.

So once more I can only congratulate the editors for having con-
ceived, constructed, and finalized the expanded second edition of 
this textbook. A textbook is a matter of endurance and repetition, 
and while it might be easy to criticize the content, the real question 
is this: will these three magnificent editors be able to continue the 
work of updating their textbook throughout their careers, because 
that’s what really gives a sense of purpose to a textbook. I sincerely 
hope that they will.

Patrick W. Serruys, MD, PhD
January 2016

Foreword
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There is no doubt that our specialty has been expanding in every 
direction at a fast pace in recent years. Just in the 5 years since publica-
tion of the first edition of Interventional Cardiology, almost its entire 
content has been revised extensively. The updated edition includes 
not only current data and critical new information on the most 
important subjects, but also introduces new subspecialties that have 
been developing in the intervening years. Additionally, specialists 
from other areas of medicine and surgery are taking part in the 
 treatment of patients with interventional, percutaneous, minimally 
invasive methods and techniques. The technological advances are 
vast and highlight the overall growth of cardiovascular interventions.

In this edition, we have been fortunate to have a group of interna-
tionally recognized authorities in many fields contributing chapters 
describing the use of these techniques in a wide range of cardiovas-
cular diseases.

Accordingly, we have expanded considerably the second edition 
of this textbook to cover four major sections: coronary interven-
tions, interventional pharmacology, structural heart interventions, 
and endovascular therapy. We believe that the reader will find this 
approach useful and practical. Each section includes key subjects 
presented in an organized way: starting with the pathophysiological 
background and relevant pathology, followed by mechanisms of 

treatment, device description, procedural techniques, follow‐up 
care, risks, contraindications, and complications, where applicable. 
The inclusion of multiple choice questions with each online chapter 
allows both self‐assessment as well as completion of accredited 
learning hours.

The modular presentation of this textbook, both as a printed 
book, and as an e‐book CD-ROM or web‐based program reflects 
the efforts of the publisher and the editors to reach out to many 
 generations of physicians in training. The evolution of specialty 
certification and recertification has indeed made life learning a 
reality in our era. Therefore, the present textbook must also fulfill 
the quest to approach the new and tech‐savvy learner, those ahead 
of an initial certification examination, those in advanced clinical 
practice who need practical instruction for a certain specialized 
subject, as well as those who have been practicing for a long time 
and need to refresh their knowledge with or without a recertifica-
tion examination ahead of them. We have tried our best, and we 
certainly hope the reader will concur.

George D. Dangas
Carlo Di Mario

Nicholas N. Kipshidze

Preface
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Atherosclerosis and its clinical consequences are the leading cause 
of death in Western nations [1]. Several factors have been  implicated 
in the evolution, progression, and destabilization of atherosclerotic 
plaque highlighting its multifaceted nature. Atherosclerosis, now 
considered a chronic inflammatory disease, begins at a young age 
and progresses slowly for decades [2–4]. The clinical symptoms of 
atheroma occur in adults and usually involve plaque rupture and 
thrombosis [5–7].

While several advances have helped curb some of the complica
tions resulting from atherosclerosis, this disease still represents an 
ongoing challenge with several new insights raising optimism that 
help to improve clinical outcomes is at hand. This chapter reviews the 
pathogenesis of atherosclerosis and the inflammatory cascades lead
ing to plaque progression and destabilization. New coronary imaging 
modalities and developments in computer modeling are critiqued as 
tools to help improve the understanding of cardiovascular diseases.

Pathogenesis of atherosclerosis
Atherosclerosis is an inflammatory fibro‐proliferative process in 
which plaque forms in the intima, bringing about stenosis or 
thrombosis and hence ischemia [8–10]. Though the exact initiator 
of plaque formation remains unknown, there is a general consensus 
that the triggering episode is endothelial damage, which could be 
caused by factors such as cigarette smoke toxins, hypertension, or 
immune injury [4,11–15]. Damaged cells become more permeable, 
ultimately causing subendothelial macrophages to consume circu
lating low density lipoproteins (LDL) which are altered in the 
intima to induce further endothelial damage [8,9,16]. More mac
rophages are then recruited, after which they remain in the intima 
as lipid‐rich foam cells [9,10,17–19]. Meanwhile, in an attempt to 
restore endothelial function, smooth muscle cells migrate from the 
media to the intima to proliferate and generate a connective tissue 
matrix to cap the lipid core, further thickening the lesion [8,19,20]. 
Plaques enlarge as the process becomes chronic, classified as stable 
or unstable (Figures 1.1 and 1.2), either of which can lead to clinical 
sequelae [8,17,21].

Clinical features
The first indication of coronary artery disease (CAD) may be 
 sudden death, or patients can present with silent ischemia, stable 
angina, or an acute coronary syndrome (ACS) [22]. ACSs comprise 
a range of syndromes resulting from atherosclerotic plaque disrup
tion or rupture and are divided into unstable angina (UA), 
non‐ ST‐elevation myocardial infarction (NSTEMI), and ST‐ 
elevation myocardial infarction (STEMI) [21,23,24]. An unstable 
plaque, characterized by a large lipid core covered by a thin and 
unstable fibrous cap, is prone to rupture [21,25–27]. The sudden 
rupture can cause thrombus formation, in turn leading to ACS 
(Figure  1.2) [26,28,29]. Conversely, a stable plaque has a thick 
fibrous cap which is not easily ruptured (Figure 1.1), causing the 
chronic condition of stable angina through episodes of ischemia 
experienced upon  physical exertion [25,27,30].

Consequences of atherosclerosis
The risk of major thrombotic and thromboembolic complications 
of atherosclerosis appears to be related more to the stability of 
atheromatous plaques than to the extent of disease [31,32]. Stable 
angina is associated with smooth fibrous coronary artery plaques 
(stable plaque), whereas unstable angina, acute myocardial infarc
tion (AMI), and sudden cardiac death are almost invariably asso
ciated with destabilization of plaques [29]. Similarly, in patients 
with carotid artery atherosclerotic disease, plaque irregularity 
and rupture are closely associated with cerebral ischemic events, 
and patients with irregular or ulcerated plaque demonstrate a 
higher risk of ischemic stroke irrespective of the degree of lumi
nal stenosis [33].

Much attention has been placed on trying to identify plaques at 
high risk of disruption leading to thrombosis. Such “vulnerable 
plaques” have also been areas of intense research using novel 
intracoronary imaging modalities: optical coherence tomography 
(OCT) [6,29]. OCT offers the advantages over intravascular ultra
sound or angiography of ultra‐high resolution and superiority in 
imaging the vessel wall and lumen interface [34–36].

Atherogenesis and Inflammation

Umair Hayat1, Vikas Thondapu1, Tim Tsay1, and Peter Barlis2

1 Melbourne Medical School, The University of Melbourne, Australia
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Figure 1.2 Unstable atherosclerotic plaque characterized by the presence of a thin fibrous cap rich in inflammatory macrophagic foam cells and 
T lymphocytes. Rupture of the fibrous cap at the shoulder region has resulted in thrombus formation.
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Figure 1.1 Stable atherosclerotic plaque characterized by the presence of a low inflammatory infiltrate. This type of lesion is constituted by a lipid 
core (extracellular lipid, cholesterol crystals, and necrotic debris) covered by a thick fibrous cap consisting principally of smooth muscle cells (SMC) 
in a collagenous–proteoglycan matrix, with varying degrees of infiltration by macrophages and T lymphocytes. HDL, high density lipoprotein.
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Considerable data exist to sustain the hypothesis that several mor
phologic and molecular markers identifying unstable plaques could be 
expressed during plaque vulnerability. As shown by a number of ana
tomical and clinical studies, these vulnerable plaques are more often 
associated with rupture and thrombosis than stable plaques covered by 
a thin fibrous cap and show an extensive inflammatory infiltrate [28,37].

Unlike the stable plaque that shows a chronic inflammatory 
 infiltrate, the vulnerable and ruptured plaque is characterized by 
features of acute inflammation [37,38]. There are a large number 
of studies showing that “active” inflammation mainly involves 
T  lymphocytes and macrophages which are activated toward a 
pathway of inflammatory response, secrete cytokines and lytic 
enzymes which in turn cause thinning of the fibrous cap, predis
posing to plaque rupture. Recent research has furnished new 
insight into the molecular mechanisms that cause transition from 
a stable to an unstable phase of atherosclerosis and points to 
inflammation as the playmaker in the events leading to plaque 
destabilization and suggest that alterations in shear stress may 
also play a pivotal part [39,40].

A current challenge is to identify morphological and molecular 
markers able to discriminate stable plaques from vulnerable ones 
allowing the stratification of “high risk” patients for acute cardiac 
and cerebrovascular events before clinical syndromes develop. 
Bearing this aim in mind, this chapter focuses on cellular and 
molecular mechanisms affecting plaque progression and serum 
markers correlated to plaque inflammation.

Insights from coronary imaging
Traditionally, coronary angiography has been the gold standard to 
detect extent and severity of CAD. These findings form the founda
tion of the interventionist’s clinical decision‐making process and 
whether to proceed to percutaneous therapy. It is widely acknowl
edged, however, that angiography has several limitations. First, it 
maintains a relatively low image resolution. Second, it represents a 
luminogram of the artery and stenosis. Therefore little detail is pro
vided as to the composition of the underlying plaque causing the 
stenosis and, finally, it is a 2D imaging method used to assess what 
are complex 3D structures.

intravascular ultrasound
Intravascular ultrasound (IVUS) utilizes ultrasound waves that 
reflect off vascular tissues to yield real‐time images [41,42]. While 
angiography only portrays a luminal silhouette [41], IVUS, with a 
resolution of 100–150 μm, captures details not retrievable with 
angiography—cross‐sections of the lumen and vessel wall, even a 
differentiation of its layers [43–46]. Thus, IVUS enables study of the 
atherosclerotic process through the visualization of plaque in the 
vessel wall [41,47–49]. Indeed, the technology has demonstrated a 
greater prevalence of atherosclerosis than initially claimed with 
angiography [44].

optical coherence tomography
OCT, the optical analog of IVUS, employs the reflection of near‐
infrared (NIR) light instead of sound. Initially applied in ophthal
mology, advancement in the technology has now enabled OCT to 
capture non‐transparent tissues such as coronary vessels [50,51]. 
OCT offers real‐time, in vivo and in situ cross‐sectional imaging of 
vascular structures with a resolution 10‐fold that of IVUS (15 μm 
versus 150 μm) and a penetration depth similar to that of histology 
[34,43,50–53].

By virtue of its superior resolution, OCT can provide near‐histo
logical analysis of atherosclerotic plaques in real time (Figure 1.3). 
OCT definition of thin cap fibroatheroma (TCFA) follows the find
ings of autopsy studies of sudden death patients that had revealed 
the presence of fibrous caps <65 μm in the majority of plaques that 
had ruptured. These thin ruptured caps were also found to have an 
infiltrate of macrophages [54]. Whereas OCT is well placed in pre
cisely defining the thinness of fibrous cap, macrophage infiltration 
seen as punctate, signal‐rich spots at the junction of fibrous cap and 
lipid pool has been described less consistently. Previous autopsy 
studies had also shown that plaque rupture, erosion, and calcified 
nodules were the three leading underlying mechanisms for luminal 
thrombosis with a frequency of 65%, 30%, and 5%, respectively [25]. 
In recent years OCT has enabled this type of information to be 
obtained in vivo and has confirmed similar prevalence of plaque 
morphologies in patients presenting with STEMI and NSTEMI [55].

Plaque rupture on OCT is identified by a clear‐cut disruption in 
the signal‐rich thin fibrous cap overlying a signal‐poor necrotic 
core resulting in extrusion of highly thrombogenic material into the 
lumen. Plaque erosion on the other hand is identified by the pres
ence of luminal thrombus adjacent to a plaque that has an irregular 
but intact, thicker fibrous cap. Such plaques are mostly devoid of 
necrotic core. Calcified nodules are the least common etiology in 
ACS and are less well defined. They are recognized by sharp  nodules 
protruding into the lumen causing discontinuation of the fibrous 
cap (Figure 1.4).

In patients with stable CAD, coronary imaging can provide lesion 
level information and help to show the changes in plaque micro
structure in response to pharmacotherapies. Kataoka et  al. [56] 
evaluated 293 and 122 lipid and fibrous plaques in 280 stable statin‐
treated patients with CAD and reported that patients with LDL‐C 
levels <50 mg/dL were less likely to have lipid plaques, and had 
more features of plaque stability such as thicker fibrous caps and 
smaller lipid arcs.

the vulnerable plaque
Atherosclerotic lesions, according to the classification of the 
American Heart Association modified by Virmani et al. [29], are 
divided in two groups: (i) non‐atherosclerotic intimal lesions and 
(ii) progressive atherosclerotic lesions which include stable, vulner
able, and thrombotic plaques.

The different pathologic characterization of atherosclerotic 
lesions largely depends on the thickness of the fibrous cap and its 
grade of inflammatory infiltrate, which is in turn largely constituted 
by macrophages and activated T lymphocytes. Typically, the accu
mulating plaque burden is initially accommodated by an adaptive 
positive remodeling with expansion of the vessel external elastic 
lamina and minimal changes in lumen size [57,58]. The plaque 
 contains monocyte‐derived macrophages, smooth muscle cells, and 
T lymphocytes. Interaction between these cells types and the 
 connective tissue appears to determine the development and pro
gression of the plaque itself, including important complications 
such as thrombosis and rupture.

The lesions classified as vulnerable or TCFA identify a plaque 
prone to rupture and thrombosis characterized by a large necrotic 
core containing numerous cholesterol clefts. The overlying cap is 
thin and rich in inflammatory cells, macrophages, and T lympho
cytes with few smooth muscle cells [28,29,59]. Burke et  al. [54] 
identified a cut‐off value for cap thickness of 65 μm to define a 
 vulnerable coronary plaque. Despite the predominant hypothesis 
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focusing on the responsibility of a specific vulnerable atheroscle
rotic plaque rupture [5,7] for acute coronary syndromes, some 
pathophysiologic, clinical, and angiographic observations seem to 
suggest the possibility that the principal cause of coronary instabil
ity is not to be found in the vulnerability of a single atherosclerotic 
plaque, but in the presence of multiple vulnerable plaques in the 

entire coronary tree, correlated with the presence of a diffuse 
inflammatory process [37,38,60,61].

Within this context, recent angiographic studies have demon
strated the presence of multiple vulnerable atheromatous plaques in 
patients with unstable angina [20,62] and in those affected by trans
mural myocardial infarction [61]. Recently, by means of flow 
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Figure 1.4 Unstable coronary plaques seen on OCT. (a) Plaque erosion: intact fibrous cap with irregular luminal surface and superficial calcium. 
(b) Plaque rupture with luminal thrombus. At the 11 o’clock position a thin cap fibro‐atheroma (TCFA) is seen (fibrous cap thickness measured 
40 μm, marked with small white bar).
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Figure 1.3 Stable coronary plaques seen on optical coherence tomography (OCT). (a) Calcified plaque is seen at 7‐ to 10 o’clock position. It is 
characterized by sharply delineated borders and heterogeneous core. (b) Calcified plaque is outlined with white dotted line. (c) Lipid‐rich plaque 
marked by white lines. It is characterized by dark, signal‐poor core with ill‐defined margins and a bright thick fibrous cap (>65 μm). As the light 
rapidly attenuates through the necrotic core, OCT cannot be used to measure the depth of such plaques.
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cytometry Spagnoli et al. [38] have demonstrated the presence of an 
activated and multicentric inflammatory infiltrate in the coronary 
vessels of individuals who died of AMI. Similar results have been 
obtained by Buffon et al. [60], who, through the determination of 
the neutrophil myeloperoxidase activity, have proved the presence 
of a diffuse inflammation in the coronary vessels in individuals 
affected by unstable angina. These results have been confirmed by a 
morphological study which demonstrated the presence of a high 
inflammatory infiltrate constituted by macrophages and T lympho
cytes activated in the whole coronary tree, also present in the stable 
plaques of individuals who died of AMI. These plaques showed a 
two‐ to fourfold higher inflammatory infiltrate than aged‐matched 
individuals dying from non‐cardiac causes with chronic stable 
angina (SA) or without clinical cardiac history (CTRL), respectively 
[37]. Moreover, it has also been demonstrated that activated T lym
phocytes infiltrate the myocardium both in the peri‐infarcted area 
and in remote unaffected myocardial regions in patients who died 
of a first myocardial infarction [63].

The simultaneous occurrence of diffuse coronary and myocar
dial inflammation in these patients further supports the concept 
that both coronary and myocardial vulnerabilities concur in the 
pathogenesis of fatal AMI.

AMI—at least associated with unfavorable prognosis—is there
fore likely to be the consequence of a diffuse “active” chronic 
inflammatory process which determines the destabilization of both 
the entire coronary tree and the whole myocardium, not only the 
part of it affected by infarction. The causes of the diffuse inflamma
tion associated with myocardial infarction are scarcely known. The 
presence of activated T lymphocytes suggests the “in situ” presence 
of an antigenic stimulus which triggers adaptive immunity.

role of inflammation in the natural 
history of atherosclerosis
inception of the plaque
Endothelium injury has been proposed to be an early and clinically 
relevant pathophysiologic event in the atherosclerotic process 
[4,32]. Patients with endothelial dysfunction have an increased risk 
for future cardiovascular events including stroke [64]. Endothelial 
dysfunction was described as the ignition step in atherogenesis. 
From this point on, an inflammatory response leads to the develop
ment of the plaque.

Endothelial damage can be caused by physical and chemical 
forces, by infective agents or by oxidized LDL (ox‐LDL). 
Dysfunctional endothelium expresses P‐selectin (stimulation by 
agonists such as thrombin) and E‐selectin (induced by IL‐1 or 
TNF‐α). Expression of intercellular adhesion molecule‐1 (ICAM‐1) 
both by macrophages and endothelium and vascular adhesion mol
ecule‐1 (VCAM‐1) by endothelial cells is induced by inflammatory 
cytokines such as interleukin‐1 (IL‐1), tumor necrosis factor‐1 
(TNF‐α), and γ‐interferon (IFNγ).

Monocytes recalled in the subintimal space ingest lipoproteins 
and morph into macrophages. These generate reactive oxygen spe
cies (ROS), which convert ox‐LDL into highly oxidized LDL. 
Macrophages upload ox‐LDL via scavenger receptors until foam 
cells form. Foam cells with leukocytes migrate at the site of damage 
and generate the fatty streak. The loss of biologic activity of endothe
lium determines nitric oxide (NO) reduction together with increased 
expression of prothrombotic factors, proinflammatory adhesion 
molecules cytokines, and chemotactic factors. Cytokines may 
decrease NO bioavailability increasing the production of ROS. ROS 

reduces NO activity both directly, reacting with endothelial cells, 
and indirectly via oxidative modification of eNOS or guanylyl 
cyclase [65]. Low NO bioavailability can upregulate VCAM‐1 in the 
endothelial cell layer that binds monocytes and lymphocytes in the 
first step of invasion of the vascular wall, via induction of nuclear 
factor κB (NFκB) expression [66]. In addition, NO inhibits leuko
cyte adhesion [67] and NO reduction results in induction of mono
cyte chemotactic protein‐1 (MCP‐1) expression which recruits 
monocytes [68]. NO is in a sensitive balance with endothelin‐1 
(ET‐1) regulating vascular tone [69]. Plasma ET‐1 concentrations 
are increased in patients with advanced atherosclerosis and correlate 
with the severity of the disease [70,71]. In addition to its vasocon
strictor activity, ET‐1 also promotes leukocyte adhesion [72] 
and thrombus formation [73]. Dysfunctional endothelium expresses 
P‐selectin (stimulation by agonists such as trombin) and E‐selectin 
(induced by IL‐1 or TNF‐α) [74]. The expression of both ICAM‐1 by 
macrophages and endothelium, and VCAM‐1 by endothelial cells is 
induced by inflammatory cytokines such as IL‐1, TNF‐α, and IFNγ. 
Endothelial cells also produce monocyte chemotactic protein‐1 
(MCP‐1), monocyte colony‐stimulating factor, and IL‐6 which fur
ther amplify the inflammatory cascade [75]. IL‐6 production by 
smooth muscle cells represents the main stimulus for C‐reactive 
protein (CRP) production [3]. Recent evidence suggests that CRP 
may contribute to the proinflammatory state of the plaque both 
mediating recruitment of monocytes and stimulating  monocytes to 
release IL‐1, IL‐6, and TNF‐α [76]. The damaged endothelium 
allows the passage of lipids into the subendothelial space. Fatty 
streaks represent the first step in the atherosclerotic process.

evolving fibro‐atheromatous plaque
The atheroma evolution is modulated by innate and adaptive 
immune responses [3,77,78]. The most important receptors for 
innate immunity in atherothrombosis are the scavenger receptors 
and the toll‐like receptors (TLRs) [79]. Adaptive immunity is much 
more specific than innate immunity but may take several days or 
even weeks to become fully mobilized. It involves an organized 
immune response leading to generation of T‐ and B‐cell receptors 
and immunoglobulins, which can recognize foreign antigens [80].

Stable plaque
Macrophages take up lipid deposited in the intima via a number of 
receptors, including scavenger receptor‐A, and CD36. Deregulated 
uptake of modified LDL through scavenger receptors leads to cho
lesterol accumulation and “foam cell” formation. The lipid laden 
macrophages (foam cells) forming the fatty streak secrete proinflam
matory cytokines that amplify the local inflammatory response in 
the lesion, matrix metalloproteinases (MMPs), tissue factor into the 
local matrix, as well as growth factors, which stimulate the smooth 
muscle replication responsible for lesion growth. Macrophages 
 colony‐stimulating factor (M‐CSF) acts as the main stimulator in 
this process, next to granulocyte–macrophage stimulating factor 
(MGGM‐CSF) and IL‐2 for lymphocytes [81]. Lymphocytes enter 
the intima by binding adhesion molecules: VCAM‐1, P‐selectin, 
ICAM‐1, MCP‐1 (CCL2), IL‐8 (CxCL8) [75]. Such infiltrate consti
tuted mainly by CD4+ T lymphocytes recognize antigens bound to 
MHC class II molecules involved in antigen presentation to T lym
phocytes thus provoking an immune response [2]. The major histo
compatibility complex molecules (MHC II) are expressed by 
endothelial cells, macrophages, and vascular smooth muscle cells in 
proximity to activated T lymphocytes in the atherosclerotic plaque. 
Proinflammatory cytokines manage a central transcriptional control 
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point mainly mediated by NFκB. Macrophage/foam cells produce 
cytokines that activate neighboring smooth‐muscle cells (SMCs), 
resulting in extracellular matrix production [2].

Repeated inflammatory stimuli induce foam cells to secrete 
growth factors that induce proliferation and migration of SMCs 
into the intima. The continuous influx of cells in the subintimal 
space convert the fatty streak in a more complex and advanced 
lesion in which inflammatory cells (monocytes/macrophages, 
 lymphocytes), SMCs, necrotic debris mainly resulting from cell 
death, ox‐LDL elicit a chronic inflammatory response by adoptive 
immune system. SMCs form a thick fibrous cap that cover the 
necrotic core and avoid the exposition of thrombogenic material to 
the bloodstream. The volume of lesion grows and protrudes into 
the arterial lumen causing variable degrees of lumen stenosis. These 
lesions are advanced complicated “stable” atherosclerotic lesions, 
asymptomatic and often unrecognized [82,83].

Vulnerable plaque: a shift toward Th1 pattern
Early phases of the plaque development are characterized by an 
acute innate immune response against exogenous (infectious) and 
endogenous non‐infectious stimuli. Specific antigens activate adap
tive immune system leading to proliferation of T and B cells. A first 
burst of activation might occur in regional lymph nodes by den
dritic cells (DCs) trafficking from the plaque to the lymph node. 
Subsequent cycles of activation can be sustained by interaction of 
activated/memory T cells re‐entering in the plaque by selective 
binding to endothelial cell surface adhesion molecules with plaque 
macrophages expressing MHC class II molecules. In this phase of 
the atherogenic process the selective recruitment of a specific 
 subtype of CD4+ cells play a major part in determining the future 
development of the lesion. Two subtypes of CD4+ cells have a juxta
posed role: Th1 and Th2 cells [84].

Th1 cells secreting proinflammatory cytokines, such as IFNγ, 
promote macrophage activation, inflammation, and atherosclerosis, 
whereas Th2 cells (cytokine pattern IL‐4, IL‐5, and IL‐10) mediate 
antibody production and generally have anti‐inflammatory and 
antiatherogenic effects [64]. Therefore the switch to a selective 
recruitment of Th1 lymphocyte represents a key point toward plaque 
vulnerability and disruption. T cells in the plaque may encounter 
antigens such as ox‐LDL. Moreover, T‐cell response can be triggered 
by heat shock proteins of endogenous or microbial  origin [85]. It is 
still unknown why the initial inflammatory response becomes a 
chronic inflammatory condition. However, when the plaque micro
environment triggers the selective recruitment and activation of Th1 
cells they in turn determine a potent inflammatory cascade.

The combination of IFNγ and TNF‐α upregulates the expression 
of fractalkine (CX3CL1) [86]. IL‐1 and TNFα‐activated endothe
lium express also fractalkine (membrane bound form) which 
directly mediates the capture and adhesion of CX3CR1 expressing 
leukocytes providing a further pathway for leukocyte activation 
[87]. This cytokine network promotes the development of the Th1 
pathway which is strongly proinflammatory and induces  macrophage 
activation, superoxide production, and protease activity.

role of inflammation as 
vulnerability factor
Homeostasis of plaque “microenvironment” (i.e., the balance between 
cell migration and cell proliferation, extracellular matrix production 
and degradation, macrophages and lymphocytes interplay) appears 
strictly related to the transition of a stable plaque into a vulnerable one.

A limited number of T cells, following the Th1 pathway, initiates 
the production of large amounts of molecules downstream in the 
cytokine cascade orchestrating the transition from the stable to 
unstable plaque [77,88].

Within the plaque, inflammatory cells such as foam cells and 
monocyte‐derived macrophages are induced to produce matrix‐
degrading enzymes, cytokines, and growth factors strictly impli
cated in extracellular matrix homeostasis. In particular, cytokines 
such as INFγ suppress collagen synthesis, a major component of the 
fibrous cap [75]. Moreover, infiltration of mononuclear cells results 
in release of proteases which causes plaque disruption [89]. 
The  production of ROS within the atherosclerotic plaque has 
important implications for its structural integrity [65]. Deregulated 
oxidant production has the potential to promote the elaboration 
and activation of matrix degrading enzymes in the fibrous cap of 
the plaque. Moreover, impaired NO function coupled with oxida
tive excess can activate MMPs [90], namely MMP‐2 and MMP‐9, 
which weaken the fibrous cap. Another mechanism that can deter
mine the thinning of the fibrous cap is the apoptosis of smooth 
muscle cells. In fact, there is evidence for extensive apoptosis of 
SMCs within the cap of advanced atherosclerosis, as well as those 
cultured from plaques [32,91].

A very important role, not yet well studied, is that of dendritic 
cells, namely cells specialized in antigen presentation with a key role 
in the induction of primary immune response and in the regulation 
of T‐lymphocyte differentiation, as well as in mechanisms of central 
and peripheral tolerance aiming at the elimination of T lympho
cytes that are potentially self‐reactive toward self‐antigens [92,93]. 
A characteristic of dendritic cells is also the ability to polarize T‐cell 
responses toward a T‐helper phenotype (Th1) in response to bacte
rial antigens. Molecules expressed by activated T lymphocytes, 
like CD40L, OX40, stimulate the release from dendritic cells of 
chemokines (fractalkines) able to attract other lymphocytes toward 
the inflammation site, amplifying the immune response [94].

Patients with ACS are characterized by the expansion of an 
 unusual subset of T cells, CD4+CD28null T cells, with functional 
activities that predispose for vascular injury [95,96]. CD4+CD28null 
T cells are a population of lymphocytes rarely found in healthy indi
viduals. Disease‐associated expansions of these cells have been 
reported in inflammatory disorders such as rheumatoid arthritis. 
CD4+CD28null T cells are characterized by their ability to produce 
high amounts of IFNγ [96]. Equally importantly, CD4+CD28null 
T cells have been distinguished from classic Th cells by virtue of 
their ability to function as cytotoxic effector cells. Possible targets in 
the plaque are SMCs and endothelial cells, as recently shown [97]. 
In vivo, CD4+CD28null cells have a tendency to proliferate with the 
frequent emergence of oligoclonality, raising the possibility of 
 continuous antigenic stimulation, as it is the case in certain auto
immune disorders and in chronic infections. The demonstration of 
oligoclonality within the CD4+CD28null T‐cell subsets and sharing 
of T‐cell receptor sequences in expanded T‐cell clones of patients 
with ACS strongly support the notion that these cells have expanded 
and are activated in response to a common antigenic challenge [98]. 
CD4+CD28null T cells are long‐lived cells. Clonality and longevity of 
these cells are associated with defects in apoptotic pathways [99]. 
Moreover, CD28 is relevant for the expansion of naïve T cells, thus 
the absence of this molecule contributes to the senescence of 
 lymphocytes. The excessive expansion of a pool of senescent T lym
phocytes might compromise the efficacy of the immune responses 
direct against exogenous antigens as well as determinate auto
immune responses.
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Recently, a subpopulation of T CD4+ cells, expressing IL‐2 receptor, 
CD25 membrane marker, has been pointed out. Such lymphocytes 
represent 7–10% of T CD4+ cells and their homeostasis is due to 
some co‐stimulatory molecules, such as CD28 receptor expressed 
by T cells and B7 molecules expressed by dendritic cells [100]. The 
current knowledge of the role of this specific subset of T cells in 
human atherogenesis is still incomplete, even though a very recent 
study carried out on mice has demonstrated an antiatherogenic 
effect of T CD4+CD25+ cells [101].

Th1 cells and T regulatory 1 cells have been demonstrated to play 
opposite roles in rupture of atherosclerotic lesion. The role of novel 
subset of T regulatory cells, known as CD4+CD25+Foxp3+ T cells, 
has been recently studied in CAD. Han et al. [102] found that the 
reduction of CD4+CD25+Foxp3+ T lymphocytes was consistent with 
the expansion of Th1 cells in patients with unstable CAD. The 
reversed development between CD4+CD25+ Tregs and Th1 cells 
might contribute to plaque destabilization.

Serum markers correlated to plaque 
inflammation
In recent years, a number of studies have correlated different 
 serologic biomarkers with cardiovascular disease [4,103] leading to 
a rapid increase in the number of biomarkers available (Table 1.1). 
These biomarkers are useful in that they can identify a population 
at risk of an acute ischemic event and detect the presence of  so‐
called vulnerable plaques and/or vulnerable patients [104,105]. 
Ideally, a biomarker must have certain characteristics to be a potential 
predictor of incident or prevalent vascular disease. Measurements 
have to be reproducible in multiple independent samples, the 
method for determination should be standardized, variability con
trolled, and the sensitivity and specificity should be good. In 
addition, the biomarker should be independent from other estab
lished risk markers, substantively improve the prediction of risk 
with established risk factors, be associated with cardiovascular 
events in multiple population cohorts and clinical trials, and the 
cost of the assays has to be acceptable. Finally, to be clinically useful 
a biomarker should correctly reflect the underlying biological pro
cess associated with plaque burden and progression.

Traditional biomarkers for cardiovascular risk include LDL 
 cholesterol and glucose. However, 50% of heart attacks and strokes 
occur in individuals who have normal LDL cholesterol, and 20% of 
major adverse events occur in patients with no accepted risk fac
tors [106]. Therefore, in light of changing atherosclerotic models, 
 vulnerable blood may be better described as blood that has an 
increased level of activity of plasma determinants of plaque 
 progression and rupture.

In this context, proposed biomarkers fall into nine general 
 categories: inflammatory markers, markers for oxidative stress, 
 markers of plaque erosion and thrombosis, lipid‐associated markers, 
markers of endothelial dysfunction, metabolic markers, markers of 
neovascularization, and genetic markers. The last six biomarker cate
gories are not treated in this chapter but only listed in Table 1.1. Some 
of these markers may indeed reflect the natural history of atheroscle
rotic plaque growth and may not be directly related to an increased 
risk of cardiovascular events. On the contrary, other markers are more 
related to complex plaque morphological features and may reflect an 
active process within the plaque which is in turn related to the onset of 
local complications and onset of acute clinical events.

However, it is important to emphasize that, in any individual 
patient, it is not yet clear how these biomarkers relate to quantitative 

risk of major adverse cardiovascular events. The best outcomes may 
be achieved by a panel of markers that will capture all of the differ
ent processes involved in plaque progression and plaque rupture, 
and that will enable clinicians to quantify an individual patient’s 
true cardiovascular risk. In all likelihood, a combination of genetic 
(representing heredity) and serum markers (representing the net 
interaction between heredity and environment) will ultimately be 
the ones that should be utilized in primary prevention. Finally, 
 different non‐invasive and invasive imaging techniques may be 
coupled with biomarkers detection to increase the specificity, sen
sitivity, and overall predictive value of each potential diagnostic 
technique.

Markers of inflammation
Markers of inflammation include CRP, inflammatory cytokines 
soluble CD40L (sCD40L), soluble vascular adhesion molecules 
(sVCAM), and TNF.

CRP is a circulating pentraxin that has a major role in the human 
innate immune response [107] and provides a stable plasma 
 biomarker for low grade systemic inflammation. CRP is produced 
predominantly in the liver as part of the acute phase response. 
However, CRP is also expressed in SMCs within diseased atheroscle
rotic arteries [108] and has been implicated in multiple aspects of 
atherogenesis and plaque vulnerability, including expression of 
adhesion molecules, induction of NO, altered complement function, 
and inhibition of intrinsic fibrinolysis [109]. CRP is considered to be 
an independent predictor of unfavorable cardiovascular events in 
patients with atherosclerotic disease. Beyond the ability of CRP to 
predict risk among both primary and secondary prevention patients, 
interest in it has increased with the recognition that statin‐induced 
reduction of CRP is associated with less progression in adverse car
diovascular events that is independent of the lipid‐associated 
changes [110] and that the efficacy of statin therapy may be related 
to the underlying level of vascular inflammation as detected by high‐
sensitivity CRP (hs‐CRP). Among patients with stable angina and 
established CAD, plasma levels of hs‐CRP have consistently been 
shown associated with recurrent risk of cardiovascular events 
[111,112]. Similarly, during acute coronary ischemia, levels of hs‐
CRP are predictive of high vascular risk even if troponin levels are 
non‐detectable, suggesting that inflammation is associated with 
plaque vulnerability even in the absence of detectable myocardial 
necrosis [113,114]. Despite these data, the most relevant use of hs‐
CRP remains in the setting of primary prevention. To date, over two 
dozen large‐scale prospective studies have shown baseline levels of 
hs‐CRP to independently predict future myocardial infarction, 
stroke, cardiovascular death, and incidence of peripheral arterial 
disease [115,116]. Moreover, eight major prospective studies have 
had adequate power to evaluate hs‐CRP after adjustment for all 
Framingham covariates, and all have confirmed the independence 
of hs‐CRP [117]. Despite this evidence, it is important to recognize 
that there remain no firm data to date that lowering CRP levels per 
se will lower vascular risk. Further, as with other biomarkers of 
inflammation, it remains controversial whether CRP has a direct 
causal role in atherogenesis [118], and ongoing work with targeted 
CRP‐lowering agents are required to fully test this hypothesis. 
However, the clinical utility of hs‐CRP has been well established, and 
on the basis of data available through 2002, the Centers for Disease 
Control and Prevention and the American Heart Association 
endorsed the use of hs‐CRP as an adjunct to global risk prediction, 
particularly among those at “intermediate risk” [119]. Data available 
since 2002 strongly reinforce these recommendations and suggest 
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expansion to lower risk groups, as well as those taking statin therapy. 
Perhaps most importantly, data for hs‐CRP provides evidence that 
biomarkers beyond those traditionally used for vascular risk detec
tion and monitoring can have important clinical roles in prevention 
and treatment.

Cellular adhesion molecules can be considered potential mark
ers of vulnerability because such molecules are activated by inflam
matory cytokines and then released by the endothelium [120]. 
These molecules represent the one available marker to assess 
endothelial activation and vascular inflammation. The Physicians’ 
Health Study evaluated more than 14,000 healthy subjects and 
demonstrated ICAM‐1 expression positive correlation with cardio
vascular risk and showed that subjects in the higher quartile of 
ICAM‐1 expression showed 1.8 times higher risk than subjects in 
the lower quartile [121]. Furthermore, soluble ICAM‐1 and 
VCAM‐1 levels showed a positive correlation with atherosclerosis 
disease burden [122]. IL‐6 is expressed during the early phases of 
inflammation and it is the principal stimulus for CRP liver produc
tion. In addition, CD40 ligand, a molecule expressed on cellular 
membrane, is a TNFα homologue which stimulates activated 

 macrophages proteolytic substances production [123]. CD40 and 
CD40L have been found on platelets and several other cell types in 
functional‐bound and soluble (sCD40L) forms. Although many 
platelet‐derived factors have been identified, recent evidence sug
gests that CD40L is actively involved in the pathogenesis of ACS. 
CD40L drives the inflammatory response through the interaction 
between CD40L on activated platelets and the CD40 receptor on 
endothelial cells. Such interactions facilitate increased expression 
of adhesion molecules on the surface of endothelial cells and release 
of various stimulatory chemokines. These events, in turn, facilitate 
activation of circulating monocytes as a trigger of atherosclerosis. 
Beyond known proinflammatory and thrombotic properties of 
CD40L, experimental evidence suggests that CD40L‐induced 
platelet activation leads to the production of reactive oxygen and 
nitrogen species, which are able to prevent endothelial cell migra
tion and angiogenesis [124]. As a consequence of inhibiting 
endothelial cell recovery, the risk of subsequent coronary events 
may be greater. Clinical studies have supported the involvement of 
CD40L in ACS and the prognostic value in ACS populations. Levels 
of sCD40L have been shown to be an independent predictor of 

Table 1.1 Serologic markers of vulnerable plaque/patient.

Reflecting metabolic  
and immune disorders Reflecting hypercoagulability Reflecting complex atherosclerotic plaque

Abnormal lipoprotein profile (i.e., high 
LDL, low HDL, lipoprotein [a], etc.)

Non‐specific markers of inflammation 
(hs‐CRP, CD40L, ICAM‐1, VCAM, 
leukocytosis and other immuno‐related 
serologic markers which may not be 
specific for atherosclerosis and plaque 
inflammation

Serum markers of metabolic syndrome 
(diabetes or hypertriglyceridemia)

Specific markers of immune activation 
(i.e., anti‐LDL antibody, anti‐HSP antibody

Markers of lipid peroxidation (i.e., ox‐LDL 
and ox‐HDL)

Homocysteine

PAPP‐A

Circulating apoptosis markers (i.e.,  
Fas/Fas ligand)

ADMA/DDAH/

Circulating NEFA

Markers of blood hypercoagulability 
(i.e., fibrinogen, d‐dimer, factor V 
Leiden)

Increased platelet activation and 
aggregation (i.e., gene polymorphism 
of platelet glycoproteins IIb/IIIa, Ia/IIa, 
and Ib/IX)

Increased coagulation factors (i.e., 
clotting of factors V, VII, VIII, XIII, von 
Willebrand factor)

Decreased anticoagulation factors 
(i.e., proteins S and C, 
thrombomodulin, antithrombin III)

Decreased endogenous fibrinolysis 
activity (i.e., reduced tissue 
plasminogen activator, increased type I 
PAI, PAI polymorphisms)

Prothrombin mutation (i.e., G20210A)

Thrombogenic factors (i.e., 
anticardiolipin antibodies, 
thrombocytosis, sickle cell disease, 
diabetes, hypercholesterolemia)

Transient hypercoagulability (i.e., 
smoking, dehydration, infection)

Morphology/structure
• Cap thickness
• Lipid core size
• Percentage stenosis
• Remodeling (positive vs. negative)
• Color (yellow, red)
• Collagen content vs. lipid content
• Calcification burden and pattern
• Shear stress

Activity/function
• Plaque inflammation (macrophage density, rate of 

monocyte and activated T‐cell infiltration)
• Endothelial denudation or dysfunction (local nitric 

oxide production, anti/procoaugulation properties 
of the endothelium)

• Plaque oxidative stress
• Superficial platelet aggregation and fibrin 

deposition
• Rate of apoptosis (apoptosis protein markers, 

microsatellite)
• Angiogenesis, leaking vasa vasorum, intraplaque 

hemorrhage
• Matrix metalloproteinases (MMP‐2, ‐3, ‐9)
• Microbial antigens (Chlamydia pneumoniae) 

Temperature

Pan arterial
• Transcoronary gradient of vulnerability biomarkers
• Total calcium burden
• Total coronary vasoreactivity
• Total arterial plaque burden (intima media 

thickness)

ADMA, asymmetric dimethylarginine; CRP, C‐reactive protein; DDAH, dimethylarginine dimethylaminohydrolase; HDL, high density lipoprotein; HSP, heat shock protein; 
ICAM, intercellular adhesion molecule; LDL, low density lipoprotein; NEFA, non‐esterified fatty acids; PAI, plasminogen activator; PAPP‐A, pregnancy‐associated 
plasma protein A; VCAM, vascular adhesion molecule.
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adverse cardiovascular events after ACS [125], with increased 
levels portending a worse prognosis [126]. Importantly, specific 
therapeutic strategies have shown to be beneficial in reducing risk 
associated with sCD40L [127]. IL‐18 is a proinflammatory cytokine 
mostly produced by monocytes and macrophages, which acts syn
ergistically with IL‐12 [105]. Both these interleukines are expressed 
in the atherosclerotic plaque and they stimulate IFNγ induction 
which, in its turn, inhibits collagen synthesis, preventing a thick 
fibrous cap formation and facilitating plaque destabilization. Mallat 
et al. [128] examined 40 stable and unstable atherosclerotic plaques 
obtained from patients undergoing carotid endarterectomy and 
highlighted how IL‐18 expression was higher in macrophages and 
endothelial cells extracted from unstable rather than stable lesions 
and it correlated with clinical (symptomatic plaques) and patho
logical (ulceration) signs of vulnerability.

Pregnancy‐associated plasma protein‐A (PAPP‐A) is a high 
molecular weight, zinc‐binding metalloproteinase, typically meas
ured in women’s blood during pregnancy and later found in mac
rophages and SMCs inside unstable coronary atherosclerotic 
plaques. This protease cleaves the bond between insulin like growth 
factor‐1 (IGF‐1) and its specific inhibitor (IGFBP‐4 e IGFBP‐5), 
increasing free IGF‐1 levels. IGF‐1 is important for monocytes–
macrophages chemotaxis and activation in the atherosclerotic 
lesion, with consequent proinflammatory cytokine and proteolytic 
enzyme release, and stimulates endothelial cell migration and 
organizational behavior with consequent neoangiogenesis. Hence, 
IGF‐1 represents one of the most important mediators in the trans
formation of a stable lesion into an unstable one [129]. Bayes‐Genis 
et al. [130] demonstrated that PAPP‐A is more often expressed in 
the serum of patients with acute coronary syndromes (UA, MI), 
than subjects presenting with SA. In particular, PAPP‐A serum lev
els >10 mIU/L recognize patient vulnerability with a specificity of 
78% and a sensitivity of 89%. It has also been demonstrated that 
PAPP‐A histological expression is higher in complex, vulnerable/
ruptured carotid plaques than stable lesions [131]. As PAPP‐A 
serum levels can be easily measured today by means of enzyme‐
linked immunosorbent assay (ELISA), this protease could represent 
an easily quantifiable marker of vulnerability, with a reproducible 
method, allowing the identification of a patient subgroup with a 
high cerebrovascular risk before its clinical manifestation.

Jaffer et al. [132] have published a detailed review on different 
techniques for detection of vulnerable plaque based on several bio
markers that have been implemented in recent years. In this con
text, plaques with active inflammation can be identified directly by 
extensive macrophage accumulation [133]. Possible intravascular 
diagnostic techniques [134] based on inflammatory infiltration 
determination within the plaque include thermography [135], 
 contrast‐enhanced MRI [136], fluorodeoxyglucose positron emis
sion tomography [137], and immunoscintigraphy [138]. In addition, 
non‐invasive techniques include MRI with superparamagnetic iron 
oxide [139,140] and gadolinium fluorine compounds [141,142].

oxidative stress markers
Oxidative stress has a very important role in atherogenesis. 
Evidence shows that activation of vascular oxidative enzymes leads 
to lipid oxidation, foam cell formation, expression of vascular adhe
sion molecules and chemokines, and ultimately atherogenesis. 
Myeloperoxidase (MPO) is a heme peroxidase that is present in and 
secreted by activated phagocytes at sites of inflammation. MPO can 
generate several reactive, oxidatively derived intermediates, all 
mediated through a reaction with hydrogen peroxide, to induce 
oxidative damage to cells and tissues [143]. Oxidation products 

from MPO are found at significantly increased rates (up to 100‐fold 
higher than circulating LDL) on LDL isolated from atherosclerotic 
lesions [144] and lead to accelerated foam cell formation through 
nitrated apoB‐100 on LDL and uptake by scavenger receptors [145]. 
Accumulating evidence suggests that MPO may have a causal role 
in plaque vulnerability [146]. Sugiyama et  al. [147] showed that 
advanced ruptured human atherosclerotic plaques, derived from 
patients with sudden cardiac death, strongly expressed MPO at sites 
of plaque rupture, in superficial erosions and in the lipid core, 
whereas fatty streaks exhibited little MPO expression. In addition, 
MPO macrophage expression and HOCl were highly co‐localized 
immunochemically in culprit lesions of these patients. Several 
inflammatory triggers, such as cholesterol crystals and CD40 
ligand, induced release of MPO and HOCl production from MPO‐
positive macrophages in vitro. Consistent with the potential role for 
MPO in the atherosclerotic process, genetic polymorphisms result
ing in MPO deficiency or diminished activity are associated with 
lower cardiovascular risk, although the generalizability of these 
findings is uncertain [148]. In parallel with the effects of MPO on 
nitric oxide, LDL oxidation, and presence within ruptured plaques, 
several recent clinical studies have suggested that MPO levels can 
provide diagnostic and prognostic data in endothelial function, 
angiographically determined CAD, and ACSs. In a case–control 
study of 175 patients with angiographically determined CAD, 
Zhang et al. [149] showed that the highest quartiles of both blood 
and leukocyte MPO levels were associated with odds ratios of 11.9 
and 20.4, respectively, for the presence of CAD compared with the 
lowest quartiles. Brennan et al. [150] obtained MPO levels in the 
emergency department in 604 patients presenting with chest pain 
but no initial evidence of myocardial infarction, and showed that 
MPO levels predicted the in‐hospital development of myocardial 
infarction, independent of other markers of inflammation, such as 
CRP. In addition, they showed that MPO levels were strong predic
tors of death, myocardial infarction, and revascularization 6 months 
after the initial event. Current data suggest that MPO can serve as 
both a marker of disease, providing independent information on 
diagnosis and prognosis of patients with chest pain, and also as a 
potential marker for assessment of plaque progression and destabi
lization at the time of acute ischemia.

Biomechanical stress as a trigger for plaque  
progression and rupture
Despite the exposure of the entire coronary tree to the systemic risk 
factors and inflammation, spatial distribution of atherosclerotic 
plaques is often a focal phenomenon [151]. Vascular endothelium is 
subjected to complex mechanical stresses resulting from its 3D 
geometry, vessel curvatures, and cardiac motion. These mechanical 
strains in combination with fluid frictional forces or shear stress 
gradients inside the arteries can lead to a number of structural and 
humoral changes in endothelial cells [39,152]. High wall shear 
stress (>15 dyne/cm2) has been found to induce endothelial quies
cence and an atheroprotective gene expression profile, whereas low 
shear stress (<4 dyne/cm2) stimulates an atherogenic phenotype 
[152]. It has been shown that the plaques and wall thickenings are 
localized mostly on the outer wall of one or both daughter vessels at 
bifurcations and along the inner wall of curved segments [151]. In 
the Prediction study, Stone et al. [153] studied the natural history of 
plaques in 506 patients with ACS treated with percutaneous coro
nary intervention, and used reconstructed coronary models from 
angiography and IVUS. A total of 74% patients had follow‐up stud
ies at 6–10 months to relate the effects of local hemodynamic milieu 
on plaque changes. Authors reported that decrease in lumen area 
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was independently predicted by baseline large plaque burden and 
low endothelial shear stress [153]. Other investigators have reported 
that high wall shear stress is associated with transformation of 
plaques into high risk phenotypes prone to instability and rupture 
[154,155].

neoatherosclerosis
The neointimal tissue inside the stents is subject to similar athero
genic forces as the native vessels [156,157]. Neoatherosclerosis  
is the development of atherosclerosis within this neointima. 
Histologically, it is recognized by the presence of clusters of lipid‐
laden foamy macrophages within the neointima with or without 
necrotic core formation [157,158]. On OCT it is seen as areas of 
heterogeneous appearance within the neointima with low‐intensity 
lipid‐laden regions or well demarcated calcification within stents 
(Figure 1.5) [159,160]. Although the exact pathogenesis of this phe
nomenon is yet to be proven, inflammation and endothelial dys
function have been shown to have a fundamental role [157,158,161]. 
It has been reported in autopsy and in vivo imaging studies that 
neoatherosclerosis occurs at an earlier stage and with higher fre
quency in DES than BMS [157,162]. It is thought to be one impor
tant mechanism for late stent failure including in‐stent restenosis 
and very late stent thrombosis [156,158,163].

Future challenges in the treatment 
of vulnerable plaques
With the concept of “vulnerable” plaque not nearly as straightfor
ward as once thought, there are challenges to creating a therapeutic 
strategy for assessing the risk of rupture of vulnerable plaques in 
asymptomatic patients.

First, there must be an ability to identify the vulnerable plaque 
with non‐invasive or invasive techniques. It has been demonstrated 
that coronary plaque composition can be studied with invasive and 
non‐invasive imaging techniques, allowing real‐time analysis and  
in vivo plaque characterization including the identification of TCFA. 
However, the severity of the inflammatory infiltration of the cap, 
which certainly has a major role in plaque disruption, cannot be 
accurately evaluated even with the most advanced in vivo imag
ing techniques. Moreover, dynamic plaque changes, such as abrupt 

intra‐plaque hemorrhages from vasa vasorum which may be funda
mental in predicting the potentiality of a plaque to rupture, will be 
extremely difficult to identify with real‐time imaging techniques. 
Nevertheless, some promising work has been done in this regard in 
the SECRITT trial introducing the concept of sealing the non‐
obstructive, high risk IVUS and OCT‐derived TCFA, using a dedi
cated nitinol self‐expanding vShield device. Authors reported an 
interesting observation of neocap formation in the shielded plaques 
with an increase in the average cap thickness from 48 ± 12 μm at base
line to 201 ± 168 μm at 6 months’ follow‐up [164]. It is hoped that this 
study may provide the foundation for larger scale trials in future.

A second challenge is that a lesion‐specific approach requires 
that the number of vulnerable plaques in each patient needs to be 
known and the number of such lesions need to be limited. That is 
not the case, however. Several pathological studies indicate the 
presence of multiple “lipid‐rich” vulnerable plaques in patients 
dying after ACS or with sudden coronary death [37,61]. Further 
complicating the issue, coronary occlusion and myocardial infarc
tion usually evolve from mild to moderate stenosis—68% of the 
time, according to an analysis of data from different studies.

The third and fourth challenge is that the natural history of the 
vulnerable plaque (with respect to incidence of acute events) has to 
be documented in patients treated with patient‐specific systemic 
therapy, and the approach has to be proven to significantly reduce 
the incidence of future events relative to its natural history. At this 
time, neither is documented nor proved.

Fifth, we believe that at the current stage it is not possible to 
know which vulnerable plaques will never rupture. Although we 
suspect it is the vast majority of them, we may have to shift to a 
more appropriate therapeutic target. In addition, targeting not 
only the vulnerable plaque but also the vulnerable blood (prone 
to thrombosis) and/or vulnerable myocardium (prone to life‐
threatening arrhythmia) may be also important to reduce the risk 
of fatal events.

Conclusions
Atherosclerosis is now recognized as a diffuse and chronic inflam
matory disorder involving vascular, metabolic, and immune sys
tem with various local and systemic manifestations. A composite 

(a) (b)

Figure 1.5 Neoatherosclerosis seen on OCT. (a) Neointimal hyperplasia inside the stent. A uniform layer of neointima is seen covering the stent 
struts (white arrows) from the 12 to 4 o’clock position. Remainder of the stent circumference is covered by an irregular, very thick tissue layer 
containing dark, signal‐poor core consistent with lipid pool and signal‐rich, thick fibrous cap. (b) Lipid/necrotic core in the neoatherosclerotic 
plaque is highlighted in yellow.



CHAPTER 1 Atherogenesis and Inflammation 13

vulnerability index score comprising the total burden of atheroscle
rosis and vulnerable plaques in the coronary, carotid, aorta, and 
femoral arteries, together with blood vulnerability factors, should 
be the ideal method of risk stratification. Obviously, such index is 
hard to achieve with today’s tools. A future challenge is to identify 
patients at high risk of acute vascular events before clinical syn
dromes develop. At present, aside from imaging modalities such as 
IVUS, virtual histology, magnetic resonance, and local Raman 
spectroscopy that could help to identify vulnerable plaques, highly 
sensitive inflammatory circulating markers such as hsCRP, 
cytokines, PAPP‐A, pentraxin‐3, LpPLA2 are currently the best 
candidates for diffuse active plaque detection. In order to achieve 
this aim a coordinated effort is needed to promote the application 
of the most promising tools and to develop new screening and diag
nostic techniques to identify the vulnerable patient.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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While we are often preoccupied with the coronary and cardiac 
complications of catheterization and intervention, it is femoral 
access complications that occur more frequently, and which are 
certainly more recognized and remembered by patients. The inci
dence of local vascular complications that are considered major, 
as defined by the need for prolonged hospitalization, transfusion, 
or vascular surgery, ranges between 1% and 1.5% in diagnostic 
catheterization procedures, and typically between 3% and 5% in 
interventional procedures. More recently, refinements in tech
niques and antithrombotic regimes have reduced femoral vascular 
complications in interventional procedures to 2–3%, but they still 
remain frequent adverse events [1–3]. Risk factors for vascular 
complications include advanced age, female gender, low body surface 
area (BSA), aggressive antithrombin or antiplatelet agent use (e.g. 
GP IIb/IIIa inhibitors), emergent procedures, vascular disease, vessel 
size, sheath size, and puncture location [1,4]. The subjects of femoral 
access and management of femoral puncture after sheath removal 
are of vital importance in cardiac catheterizations and interven
tions, especially in patients with high risk of complications.

Femoral access
Anatomy
A good understanding of some key features of the local anatomy is 
essential for both optimal access and ideal management of the 
puncture site. Careful attention to access and careful evaluation of 
the access site are fundamental to reduce sheath insertion trauma 
and lead to uncomplicated sheath removal and the safe use of 
vascular closure devices.

It is important to puncture at the level of the common femoral 
artery. This allows compression of the vessel against the femoral 
head at the time of sheath removal. Punctures below the common 
femoral arterial bifurcation (hence in the profunda femoris or the 
superficial femoral artery) are over soft tissue and are difficult to 
compress (Figures 2.1 and 2.2). Such punctures have been shown 
to be associated with increased risk of pseudoaneurysms and 
arteriovenous fistula formation [5,6]. Punctures above the inguinal 
ligament (hence in the external iliac artery) are in the retroperito
neal space which also represents an incompressible space. Such 
high punctures are associated with increased risk of retroperitoneal 
bleeding [6–8].

Landmarks on fluoroscopy are useful for identifying the position 
of the common femoral artery. About 75–80% of the common 
femoral bifurcation is at or below the inferior border of the femoral 
head and 95% is at or below the mid femoral head [5,9]. While the 
inguinal ligament is not visualized under fluoroscopy, the deep 
circumflex iliac artery is commonly used as a surrogate marker of 
the upper border of the common femoral artery because it is the last 
arterial branch of the external iliac artery before the external iliac 
courses under the inguinal ligament and becomes the common 
femoral artery (Figure 2.1). The deep circumflex iliac artery arises 
from the lateral aspect of the external iliac artery nearly opposite 
the origin of the inferior epigastric artery. It ascends obliquely later
ally behind the inguinal ligament, contained in a fibrous sheath 
formed by the junction of the transversalis fascia and iliac fascia, to 
the anterior superior iliac spine. Puncture above the most inferior 
border of the course of the deep circumflex iliac artery has been 
associated with increased risk of retroperitoneal hemorrhage. This 
landmark is above the most superior border of the acetabulum in 
most patients [6].

Puncture technique
The basic technique of arterial access has changed very little 
since it was initially introduced by Seldinger [10]. Puncture of 
the common femoral artery is basically unchanged, save that 
the original concept used a through and through puncture and 
withdrawal of needle into the arterial lumen, while our current 
approach ideally punctures only the anterior surface of the 
 femoral artery.

However, the technique can be substantially improved by using 
fluoroscopy of bony landmarks to identify the likely course of the 
common femoral artery followed by confirmation with femoral 
angiography after sheath insertion [11]. A point of entry into the 
common femoral artery at the mid femoral head or slightly above 
is ideal. The femoral skin crease, which is a very commonly used 
landmark for puncture, is distal to the common femoral bifurca
tion in 72% of cases [12]. Generally speaking, younger patients have 
a mid femoral head location relatively close or slightly above the 
femoral crease. Older patients have a femoral head significantly 
above the femoral crease, since the crease tends to sag with age. 
Obese patients may have two or sometimes even three femoral 
creases.
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The technique of puncture requires multiple small steps to be 
optimized. Before local anesthesia is given, a clamp or needle can be 
laid at the point where the pulse is most easily felt, just above the 
femoral crease. Fluoroscopy can be used to locate the position of the 
needle relative to the center of the femoral head (Figure 2.3). Local 
anesthesia can thus be given accordingly. After local anesthesia is 
given, the needle is advanced to a point just above the arterial wall, 

using palpation as a guide. At this point, it is useful to fluoroscope 
the location of the needle once again. This is the last chance to 
adjust the puncture to enter the common femoral artery in the ideal 
landing zone. This method is not often adhered to, but in the long 
run is very worthwhile and justifies the few seconds of extra time at 
the beginning of the procedure. Meanwhile, this is also the time to 
observe the behavior of the needle that is placed close to the femoral 

(a) (b) (c)

Figure 2.3 (a) shows a fluoroscopic image recorded prior to puncture. The 18 g thin wall needle has been laid on the skin at the point of 
anticipated femoral puncture based on palpation. The arrow shows the tip of the needle. Fluoroscopy demonstrates that the needle is at the 
lower border of the femoral head. This is an ideal location for skin entry as the needle will puncture the femoral artery superior to this point.
(b) shows the needle advanced until the pulsation of the femoral artery is felt to be transmitted through the needle. The arrow shows the 
position of the needle. This is just below the mid femoral head and is an ideal “landing zone” for puncture. The majority of patients’ femoral 
artery bifurcation will be below this point and the probability of common femoral artery entry is high. The arrowhead pointing upward shows 
the location of the skin crease. In (c) sheath angiography demonstrates that the entry point is in the common femoral artery above the line of 
the mid femoral head. This is higher than ideal but represents a good entry point for the sheath. Just above the sheath entry site, the U‐shaped 
branch of the external iliac artery denotes the location of the inguinal ligament and the division between the common femoral artery and the 
retroperitoneal iliac vessel. This branch is the deep circumflex iliac artery.

CFA

PF

SFA

Figure 2.1 Femoral artery angiogram taken after sheath insertion. 
The sheath has been inserted into the superficial femoral artery (SFA). 
The profunda femoris or deep femoral artery is labeled PF. The sheath 
terminates in the common femoral artery (CFA). The arrow denotes 
the lower margin of the curve of the deep circumflex iliac artery. This 
lower border of the curve courses along the inguinal ligament. 
Punctures above this landmark are usually adjacent to the retroperito-
neal space and poses a high risk for bleeding complications.

Figure 2.2 Bilateral femoral artery angiograms. On the left panel, a 
line is drawn through the level of the mid femoral head. This is 
normally an ideal location for puncture. In this case, however, the 
femoral artery bifurcation is above the mid femoral head and the 
sheath can be seen entering the deep femoral artery. The right panel 
shows the left femoral angiogram. A line is drawn at the level of the 
top of the femoral head, showing a remarkably high bifurcation in 
this patient. Even though the sheath insertion on this side is just 
below the top of the femoral head, it is also in the deep femoral 
artery. Although this puncture is compressible over the femoral head, 
the branch is relatively smaller than the common femoral artery and 
less well suited for use of closure devices.
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artery. If the needle is moving up and down, it is indirect evidence 
of puncturing the anterior wall of the common femoral artery. 
However, if the needle is moving side to side, it is indirect evidence 
of puncturing the lateral or medial side of the common femoral 
artery. Therefore, the operator can still adjust the angle of attack to 
the femoral artery.

Once the sheath has been inserted, a sheath angiogram should 
be performed. Using an AP projection best preserves the rela
tionship between the puncture site and the lower border of the 
inferior epigastric artery, but may have overlap of the femoral 
bifurcation. A 20° ipsilateral angulation of the image intensifier 
will expose the entry point of the sheath, as well as the femoral 
bifurcation [6]. It can thus be determined whether the common 
femoral artery has in fact been entered, and whether there is ath
erosclerosis, calcification, or angulation of the puncture site. It is 
our practice to obtain the sheath angiogram at the beginning of 
the procedure, so that decisions about closure and sometimes 
anticoagulation can be made before the procedure is performed. 
If the sheath has been inserted into the branch vessels below the 
bifurcation, this will often have an impact on ultimate sheath 
size, for example in the setting of bifurcation or chronic total 
occlusion intervention, and can impact the choice of anticoagu
lation. When the puncture is above the most inferior border of 
the inferior epigastric artery, it is likely that the retroperitoneal 
space has been entered with the sheath. In this instance, an 
option is to defer intervention until a later time. Full anticoagu
lation with the sheath in this location greatly increases the risk 
of retroperitoneal bleeding, which is one of the worst and more 
difficult local complications to manage.

Ultrasound guided femoral access
Ultrasound guided vascular access has gained attention by 
 catheterization laboratories for arterial access, especially for large 
bore vascular access. The main advantage of ultrasound guided 
access is to identify the anatomy of the vessels and the relation
ship between the artery and the vein. Ultrasound guided access 
helps to select the puncture site more precisely. The major land
marks should be identified by conventional fluoroscopy. By using 
a sterile plastic cover, the probe is positioned over the point of 
maximal pulsation to scan the femoral artery and vein. The scan
ning should start from the point of maximal pulse with cranial to 
caudal movement of the probe perpendicular to the skin until the 
bifurcation site is accurately identified. The appearance of femo
ral artery is a pulsatile circle, with thicker and more prominent 
delineation of the arterial walls. Sometimes, the calcification of 
the vessels or plaques inside the artery can be identified, which 
helps to avoid entering these areas. Identification of femoral 
artery versus vein is easily achieved by gentle pressure with the 
vascular probe; the artery is not compressible and the pulsations 
become more apparent. It is noteworthy that pulsation of the 
 vessels can be misleading in patients with severe tricuspid regur
gitation. The artery should be imaged in the center of the image, 
and the needle should be gently approached. The reverberation 
artifact of the needle helps to identify the path of the needle to the 
artery. When the needle enters the artery, the rest of the procedure 
follows the standard procedure for vascular access. Sometimes, 
the vein runs medial and posterior to the artery. Using ultra
sound can occasionally be useful to avoid entering artery before 
venous access and prevent other complications such as arterio
venous fistulae.

Femoral access closure
Manual compression
Manual compression has been the standard for sheath removal for 
decades. Classically, after diagnostic catheterizations the technique 
involves sheath removal after normalization of the activated clotting 
time (ACT) to <160–180 seconds and direct digital pressures with 
fingers positioned over the arterial puncture site and one to two 
fingerbreadths more proximally. The manual pressure should be 
applied with enough force to allow for a faint palpable distal pulse. 
Pressure is held for 10–15 minutes, during which hemostasis should 
be achieved, after which the patient is kept under bed rest for 
4–6 hours.

The use of larger arterial sheaths, more intensive anticoagu
lation, and antiplatelet regimes associated with coronary and 
cardiac interventions have led to the need for more prolonged 
direct pressure to achieve hemostasis and more prolonged bed 
rest prior to ambulation. A variety of mechanical manual compres
sion aids, such as the Femostop (Radi Medical System, Sweden) 
and Compressar C‐clamp (Advanced Vascular Dynamics, 
Portland, OR), have been developed to relieve the requirement 
for staff to physically apply prolonged direct digital pressure. 
A  number of studies have compared such devices with direct 
manual pressure, with most studies finding lower vascular com
plications with mechanical compression devices [13–15] although 
a small study (90 subjects) found better results with direct man
ual pressure [16].

Clamp devices provide compression without the need to have 
someone using direct manual pressure. While clamps may be less 
demanding on personnel, they do not obviate the need for careful 
supervision of the compression process. If clamps are applied with 
too much pressure or left in place for too long, they can result in 
arterial or venous thrombosis. If applied without adequate pressure, 
bleeding can result. The Femostop (RADI Medical) uses an 
inflatable bubble to apply pressure to the puncture site. This is 
our preferred device for compression in fully anticoagulated 
patients with failed suture closure or large caliber arterial or venous 
sheaths. The bubble is clear, so the puncture site can be observed 
directly. The pressure is regulated with a blood pressure cuff bulb. 
Near systolic pressure (usually 10 mm less than systolic blood pres
sure) can be applied for 15–30 minutes, and then the pressure can 
be decreased 10–15 mmHg every 10–20 minutes.

Even with interventional procedures, there have been some 
remarkable experiences with ambulation as early as 2 hours after 
simple manual compression. With the use of bivalirudin, in a study 
of 100 patients, after a mean manual compression time of 13 min
utes, patients were able to ambulate at a mean duration of 2 hours 
and 23 minutes after sheath removal [17]. Even using heparin, there 
are various studies suggesting ability to ambulate after 2 hours. 
Using a regime of a standard heparin dose of 5000 IU and 6 Fr guid
ing catheters, two studies involving 359 and 907 patients were able 
to have sheaths removed immediately, with a mean compression 
time of around 10 minutes and successful early ambulation within 
2 hours with no significant excess in puncture site complications 
[18,19]. A study with more aggressive anticoagulation (ACT to 
300 seconds) and subsequent sheath removal when ACT is less than 
150 seconds showed no difference in site complications between 
patients ambulating at 2 hours compared to 4 or 6 hours. In this 
latter study, there are also similar results in a subgroup of patients 
who received GP IIb/IIIa inhibitors [20]. Thus, manual compres
sion is clearly an acceptable form of puncture site management in 
all patients.
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Vascular closure devices
A variety of vascular closure devices have been developed to 
enhance vascular closure without need for prolonged compression. 
These are deployed at the conclusion of the cardiac catheterization 
procedure and can be used despite an elevated ACT. Closure devices 
are classified into four major categories: sutures, plugs, glues, and 
topical patches (Table 2.1). The current FDA‐approved devices in 
most common use in the USA are the AngioSeal (Datascope Inc), 
Perclose, ProStar, and StarClose (Abbott Vascular, Redwood City 
CA). Hemostatic patches are also approved for use in the USA 
(Figure 2.4).

Angioseal
The AngioSeal device consists of a rectangular absorbable copoly
meric anchor deployed intravascularly against the arterial wall 
which is attached by an absorbable Dexon traction suture to an 
extravascular collagen plug applied to the outside of the arterial wall. 
The AngioSeal assembly consists of a carrier system with the anchor, 
collagen plug, and traction suture compacted at the distal end. There 
is a delivery sheath with a modified locator dilator which identifies 
when the sheath is intravascular. After cardiac catheterization, the 
working sheath is changed over to the AngioSeal delivery sheath. 
Once the delivery sheath is intravascular, as indicated by pulsatile 
flow in the arteriotomy locator system of the dilator, the dilator and 
wire are removed. The carrier is then advanced into the sheath, locks 
in place with the sheath, and then the entire assembly is withdrawn 
until resistance is felt. This indicates apposition of the anchor on the 
luminal arterial wall. Further withdrawal releases the collagen plug 
on the external surface of the artery, followed by a tamper tube. The 

tamper tube is used to compress the plug over the wire, followed by 
removal of the tamper tube and cutting of the suture, which are 
external to the patient. Currently, the AngioSeal is available in two 
sizes: 6 and 8 Fr. Deployment success rates ranged from 92% to 98%, 
and hemostasis success ranged from 84% to 97% [21].

Perclose
The Perclose device is a suture‐mediated system which has under
gone a steady evolution which included the Techstar device, Closer 
S 6 Fr, and the current ProGlide 6 Fr system. It incorporates two 
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Figure 2.4 Use of vascular closure approaches in the United States.

Table 2.1 Types of closure devices.

Manufacturer CE Mark US Approval Status

Plugs

AngioSeal St. Jude Medical + +

Exoseal Cordis + + Not used frequently in the USA

Femoseal St. Jude Medical + –

Suture devices

ProGlide Abbott + +

ProStar Abbott + +

Superstich Sutura + +

Staples/clips

StarClose Abbott + +

Angiolink Medtronic + +

Liquid/gel

Duett Vascular Solutions + +

Mynx Access Closure + +
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needles in the proximal compartment of the device and a catheter 
that houses the suture (Figure 2.5). The working sheath is exchanged 
over a wire for the Perclose device. The device is advanced until 
return of pulsatile blood in the locator, indicating appropriate 
intravascular placement. A lever is pulled to open the “feet,” and the 
device is withdrawn until resistance is felt, indicating apposition of 
the foot processes and suture catch plates against the inner vessel 
wall. A plunger is depressed, forcing the needles through the outer 
vessel wall into the suture catch plates. The catch plates are attached 
to the ends of the suture. Retraction of the plunger withdraws the 
needles and the attached sutures through the skin. With the current 
ProGlide system, the device incorporates a non‐absorbable poly
propylene monofilament with pre‐tied knot that is tightened and 
the vascular access site closed using a pusher device. One signifi
cant advantage of the Perclose system is to maintain access to the 
vessel during deploying the device by using the guidewire before 

withdrawing the device. Therefore the wire can be reintroduced via 
the device after the needle and suture deployment, and the wire 
removed after confirmation of adequate hemostasis. This feature is 
unique among the closure approaches. In most series, the device is 
successfully deployed in 89–100%, with hemostasis success seen in 
86–99%. The Prostar device is a Perclose‐based suture mediated 
device, which allows for closure of larger arteriotomy. It comes in 
8 or 10 Fr and can incorporate one or two sutures (associated with 
two or four needles, respectively).

starClose
StarClose is a device that applies a 4‐mm low profile nitinol clip 
entirely on the external surface of the artery with no permanent 
intravascular component (Figures 2.6 and 2.7). The tines of the clip 
grasp the arterial tissue and close the arteriotomy in a purse string 
fashion. The device consists of the clip applier and a proprietary 

Figure 2.5 The Perclose ProGlide device is used to deliver sutures through the puncture to close the arteriotomy site. The small insets of the 
upper left of the figure show feet that are opened inside the artery, and the mechanism by which needles are driven from the handle of the 
device into the feet to capture the sutures. The sutures are then withdrawn using the needles, and a pre‐tied knot is pushed through the skin to 
the top of the arteriotomy site on the outside of the artery.

Figure 2.6 The StarClose device is delivered through a special sheath provided with the device. After the device is loaded into the artery, nitinol 
wings are opened within the artery and pulled back to capture the inner arterial wall. The clip device, shown on the left part of the figure, is 
then advanced to the outside surface of the artery. When a clip is fired, it inverts and the tines of the clip capture the arteriotomy and force it 
closed. This device is unique in that what is left behind is entirely extra‐arterial.
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6 Fr sheath. After conclusion of cardiac catheterization, the work
ing sheath is changed over a wire to the proprietary sheath, with 
further blunt dissection during the process to ease subsequent 
advancement of the 12 Fr clip applier through the skin and subcu
taneous tissue. The clip applier has a vessel locator, which is inserted 
into the sheath, until the clip applier snaps into the sheath. A button 
is depressed which deploys small flexible nitinol wings at the end of 
the vessel locator, inside the artery. The entire assembly is with
drawn until resistance is felt, indicating apposition of the wings 
against the inner vessel wall. The sliding element with the attached 
clip is then depressed splitting the sheath and applies the clip to 
the arterial wall at the end of the assembly. At this stage, it is very 
important to ensure that the skin does not block the “splitter.” It is 
reasonable therefore to nick the skin after the proprietary sheath is 
placed. The procedure is completed by release of the clip using a 
button “trigger.” In the CLIP trial, which compared the StarClose 
with manual compression, device success was 87%, with no differ
ence in complications between the groups [22].

Exoseal, Femoseal
Exoseal (Cordis, Bridgewater, NJ) is a passive closure device that 
consists of deployment of a polyglycolic acid plug (absorbed within 
90 days) over the arteriotomy site for hemostasis. The system is 
delivered through 5–7 Fr sheaths. The minimum diameter of the 
femoral artery is 5 mm for closure. Time to achieve hemostasis and 
ambulation appears to be lower than with manual compression. 
Access through the same site requires a delay of at least 30 days.

Femoseal (St. Jude Medical Systems, Uppsala, Sweden) com
prises a bioabsorbable polymer anchor plate that remains inside the 
artery and an outer disk. After procedural sheath removal, the 
anchor seal is deployed within the artery while the outer locking 
disk is placed on the outer wall of the artery. The arteriotomy is 
sandwiched between the two disks and held together by a bio
absorbable multifilament.

Hemostatic patches
Hemostatic patches were originally designed for military purposes 
to achieve temporary arterial hemostasis in the battlefield. The 
mechanisms of action include causing vasoconstriction, creation of 
a positively charged environment, which attracts negatively charged 

red blood cells and platelets, or direct promotion of rapid coag
ulation [23–25]. Available patches include: Syvek Patch using 
poly‐N‐glucosamine (Marine Polymer Technologies, Danvers, 
MA); Neptune pad using calcium alginate (Biotronik, Bulach, 
Switzerland); Closure PAD (Medtronic, Santa Rosa, CA); Chito‐
Seal using chitosan gel (Abbott Vascular, Redwood, CA); SafeSeal 
using a microporous polysaccharide (Possis Medical, Minneapolis 
MN, formerly Stasys Patch, St. Jude Medical, St. Paul, MN); and D‐
Stat Dry using thrombin (Vascular Solutions, Minneapolis, MN) 
(Table 2.1) [23].

Hemostatic patches allow sheath removal in anticoagulated 
patients, with ACT as high as 300 seconds [24]. Studies on hemostatic 
patches have generally demonstrated shorter time to hemostasis 
and ambulation. However, a period of manual compression is gen
erally required and may be longer than the recommended compres
sion times from manufacturers [25–27]. It is likely a combination of 
both hemostatic properties of the patch and manual compression 
that leads to hemostasis. There are no consistent data demonstrating 
reduction in vascular complications with the use of hemostatic 
patches over manual compression. Neither the Syvek patch nor 
Chito‐Seal has been shown to reduce vascular complications over 
manual compression in a review of cases registered with the American 
College of Cardiology‐National Cardiovascular Data Registry (ACC‐
NCDR) [28]. D‐Stat Dry used after diagnostic procedures reduced 
vascular complications compared to manual compression in a 
series utilizing a historical control [25], but no direct comparisons 
have been performed. As the complication rate from vascular 
puncture in general appears to be declining with time, direct com
parisons are necessary to clearly demonstrate decreased compli
cation rates using these patches [4]. There are now several other 
patches available.

Evidence‐based issues for vascular closure devices
The design goals of active vascular closure devices (as replacement 
of manual compression for management of femoral arterial sheath 
removal) would include reduction in hemostasis and ambulation 
times with associated improved patient comfort and reduction in 
hemorrhagic vascular complications. As experience with this family 
of devices has grown it is clear that hemostasis and ambulation 
times can be decreased, but the reduction of vascular complications 
has not been as well shown. There are real concerns for the poten
tial to increase rare but serious complications such as infection, 
arterial occlusion, distal embolization, and arterial wall injury with 
pseudoaneurysm. In addition, bleeding complications, should they 
occur, could potentially be more severe than seen with manual 
compression because manual compression requires normalization 
of ACT prior to sheath removal while vascular closure devices can 
be deployed at elevated ACT [4]. In a review of case series of 
AngioSeal and Perclose, the reported incidence of such complica
tions include: infection 0.6%; pseudoaneurysm or arteriovenous 
fistula 0.6–1%; and occlusion or embolism 0.2–0.4% [21]. In a 
review of 4 years of cardiac catheterizations and interventions at the 
Mayo Clinic between 2000 and 2003, during which vascular closure 
devices were used in 1662 patients, the incidence of device‐related 
infection was 0.24% [29].

There are numerous randomized and non‐randomized compari
sons of vascular closure devices and manual compression. There is 
significant heterogeneity between the trials in inclusion criteria and 
definitions of outcomes. Three meta‐analyses have reviewed the 
studies involving collagen plug devices (AngioSeal and VasoSeal) 
and suture devices (Perclose) [28,30]. Use of vascular closure 

Figure 2.7 Femoral angiogram 1 year after closure with the StarClose 
device. The arrowhead on the left shows the device, and on the right 
contrast injection demonstrates the insertion site of the re‐puncture. 
The device is entirely extravascular.
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devices is associated with significant reductions in time to hemo
stasis (by 17 minutes), time to ambulation (by up to 11 hours) and 
time to discharge (by 0.6 days) [31]. However, in these analyses in 
both diagnostic and interventional settings, there is no substantial 
difference (benefits or harms) in vascular complications by the vas
cular closure devices, except for the VasoSeal device, which has 
been associated with increased vascular complications in two of the 
meta‐analyses [30,32]. There are a number of limitations to assess
ing the relative rates of complications with manual compression 
and vascular closure devices. First, some trials have required femo
ral angiography, and higher risk patients may be eliminated from 
the trials, because of small caliber femoral vessels, atherosclerosis of 
the puncture site, or calcification. In addition, many of the trials 
have rigorous protocol specifications for the manner in which the 
closure devices are used, but generally give no guidance regarding 
manual compression methods, which can be highly variable. In 
some institutions, there are sheath removal teams who become 
quite expert at sheath removal, manual compression, and puncture 
site management. It is difficult to make comparisons between these 
programs and lower volume programs, or programs where new 
trainees are relegated to the task of sheath removal and manual 
compression.

The largest registry study of femoral hemostasis comes from the 
ACC‐NCDR [33]. From this registry, the outcomes of 166,680 
patients who underwent diagnostic and interventional cardiac 
catheterizations in 2001 were evaluated, with suture devices used in 
25,495 cases, collagen‐plug devices used in 28,160 cases, while the 
rest underwent manual compression. In the overall multivariate 
analysis, use of collagen plug devices was associated with reduced 
bleeding in diagnostic catheterization (odds ratio 0.68) and both 
types of closure devices were associated with reduced risk of pseudo
aneurysm formation in diagnostic and interventional procedures 
(odds ratio 0.46–0.52). It is possible that among individual opera
tors who develop special expertise with a particular closure device, 
there is potential to achieve improved success rates with lower com
plication rate [34].

What then are the advantages of vascular closure devices? 
Unquestionably, the complete avoidance of compression with imme
diate hemostasis and early ambulation improves patient satisfaction 
[35]. This alone can justify the use of these devices in many cases. 
However, with no clear difference in complication rates, possibly 
the strongest benefit may be an early (same‐day) discharge of 
patients after percutaneous coronary intervention that could result 
from early ambulation [4,36]. Over the past 5 years, major vascular 
complications have decreased among patients undergoing percu
taneous coronary intervention in the Northern New England 
Cardiovascular Disease Study Group. In their database, with 36,631 
patients undergoing percutaneous coronary intervention, arterial 
complications decreased from 3.37% in 2002 to 1.98% in 2006 [30]. 
Whether this reflects more careful attention to needle puncture and 
sheath insertion, improved management of anticoagulation, better 
manual compression, or optimized use of closure devices cannot be 
ascertained without a randomized trial. Such a trial would require 
such a large population that is unlikely ever to be performed.

Vascular closure devices shorten the time to hemostasis and 
ambulation, compared with manual compression, but the aggregate 
of reports are mixed regarding the potential for closure devices to 
increase or decrease the risk of vascular complications. In a recent 
study of patients undergoing diagnostic coronary angiogram with 
a 6 Fr system, the vascular closure devices were not inferior to 
manual pressure. There were no increased risks of vascular 

complications; however, it is important to note that in this study the 
patients did not undergo any coronary interventions so the results 
should be considered in the context of diagnostic angiography. This 
study compared FemoSeal (St Jude Medical) with ExoSeal (Cordis). 
ExoSeal is not frequently used in the USA, and FemoSeal is only 
currently available in Europe [37].

Preclosure for large arterial sheaths
Large bore arterial sheaths (12–14 Fr) can be required for certain 
interventions such as retrograde balloon aortic valvuloplasty or, 
more recently, retrograde transcatheter aortic valve replacement 
(14–24 Fr). Such large bore arterial sheaths are historically associ
ated with need for prolonged compression to achieve hemostasis, 
prolonged bed rest prior to mobilization (up to 12–24 hours in 
certain cases), and high risk of recurrent bleeding and need for 
transfusion. Transfusion rates after manual compression follow
ing balloon aortic valvuloplasty have been in the range of 25%. 
Preclosure is a technique using the Perclose or ProStar device to 
“preload” the suture around the puncture site prior to access with 
the large bore sheath to allow for subsequent suture closure at 
removal of the large arterial sheath. After puncture, a standard 6–8 Fr 
sheath is inserted and subsequently exchanged over the wire to 
introduce a Perclose or ProStar device. Deployment of the needle is 
performed with the standard manner to preload the suture around 
the arteriotomy. The suture is not tightened. A wire is reintroduced 
into the device over which an exchange is made with the subsequent 
large bore arterial sheath. At completion of the procedure requiring 
the large bore sheath, the sheath is removed and closure performed 
by tightening of the preloaded sutures. With this technique, a 6‐Fr 
Perclose system had been successful in closing 12 Fr arteriotomies 
and a 10 Fr ProStar system had been successful in closing 14 Fr 
arteriotomies. In a non‐randomized comparison, this technique 
had been successful in significantly reducing length of hospital stay 
and almost eliminating the need for blood transfusions after retro
grade arterial balloon aortic valvuloplasty [38,39]. Although there 
are no commercially available closure devices for larger than 14 Fr 
sheath size, most operators have adopted approaches to utilize pre
closure. Several novel devices for large vessel closure are under 
development. There are mainly three approaches of new technology 
to manage percutaneous closure following large bore vascular 
access: suture‐based, suture and plug/sealant, and ipsilateral/con
tralateral graft placement. There are a number of products under 
investigation that are not available on the market yet.

Arterial access management for transcatheter aortic 
valvular replacement
In our catheterization laboratory, we use a standard approach for 
patients requiring transcatheter aortic valvular replacement 
(TAVR). This approach starts before the patient comes to the 
catheterization laboratory by meticulous attention to the aorto‐iliac 
and femoral artery anatomy on pre‐TAVR CT angiography. 
Understanding the location of calcifications of these vessels, tortu
osity, diameter, and the presence of prior bypass grafts and/or stents 
is invaluable. The location of femoral bifurcations relative to the 
femoral head can be assessed.

We start the procedure with the contralateral access site (non‐
TAVR sheath) using a micropuncture needle with iterative usage of 
fluoroscopy. After placing a 7‐Fr sheath in the contralateral artery, a 
JR4 or internal mammary artery catheter is used to cross into the 
ipsilateral common iliac artery with a wire (J tipped guidewire, 
angled glide wire, Wholly wire). The tip of the catheter is placed in 
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the terminal portion of the ipsilateral external iliac artery and a cine 
angiogram of the ipsilateral common femoral artery is performed. 
A V18 guidewire is passed through the crossover catheter across the 
distal abdominal aortic bifurcation to the terminal segment of 
superficial femoral artery on the side in which the large caliber 
TAVR sheath will be placed. This wire is used for a possible usage of 
crossover balloon technique should major vascular complications 
occur with the TAVR sheath [40,41]. Ultrasound guidance is used 
as the preferred method for vascular access in some centers. It has 
the advantage of showing areas of calcification as well as the level of 
the femoral bifurcation, and better insures a puncture of the ante
rior wall of the common femoral artery.

At this point the ipsilateral common femoral artery is punctured 
for the TAVR sheath. The crossover angiogram is used as a road
map for micropuncture. An injection through the crossover cathe
ter can be used to verify the entry point of the needle in the common 
femoral artery (Figure 2.8). If we are not satisfied with the location 
of the femoral access, we withdraw the microcatheter and hold 
pressure for several minutes. Some operators prefer a pigtail from 
the contralateral access site. The terminal circle of the pigtail is 
placed over the target puncture site of the femoral head en face, to 
be used as a target for ipsilateral femoral access. A regular J tipped 
guidewire is placed in the microcatheter, and the microcatheter is 
removed. A 6 or 7 Fr dilator is placed over the wire to enlarge the 
arteriotomy prior to preclosure. Some operators recommend 
dissecting the subcutaneous tissue before 7 Fr dilator is removed for 
easier access to the vessel wall. Next we use two ProGlide devices for 
preclosure of the arteriotomy, the first placed at the 10 o’clock posi
tion and the second device at 2 o’clock. After the second ProGlide 
device is deployed a stiff Amplatzer guidewire is passed through the 
second ProGlide. An alternative to ProGlide device is using one or 
two ProStar closure devices.

Serial dilatation of the arteriotomy is not necessary, because most 
TAVR devices currently require 1420 Fr arterial sheaths. We some
times use a 14 Fr dilator (and sometimes a 14 Fr sheath) before 
inserting the TAVR sheath. After completion of TAVR procedure, 
an Amplatz Superstiff or Extrastiff wire is placed through the TAVR 
sheath. The first operator ties down the arteriotomy with the first 
ProGlide closure device with a knot pusher, while the second 

operator carefully removes the TAVR sheath over the guidewire. An 
immediate assessment of the bleeding is a direct indication of the 
success of the closure device. Frequently, the first preclosure 
device successfully closes the arteriotomy with minimal bleeding. 
Subsequently, by using the knot pusher, the second preclosure knot 
is pushed down over the wire. Until this point, the wire is still left in 
place in case homeostasis is not achieved. In some cases, a third or 
sometimes even fourth ProGlide closure device may be necessary. 
When homeostasis is achieved, the wire can be removed and both 
knots tied down again by the knot pushers. We always perform a 
final femoral angiogram with digital subtraction via contralateral 
access, with either a pigtail above the aortic bifurcation, or via a 
catheter over the crossover wire. This latter approach requires 
placing a Toughy connector on the hub end of the catheter. If there 
is any contrast extravasation or stenosis of the access site, it can be 
managed with a crossover balloon (Figure  2.9). If the results are 
satisfactory, the V18 wire is removed and the contralateral femoral 
artery is closed.

The crossover balloon technique can also be used just before 
withdrawal of TAVR sheath under a controlled and safe environ
ment. The TAVR sheath is withdrawn to the common femoral 
artery over the stiff wire. Using a peripheral 8–10 mm balloon over 
the 0.018 inch crossover wire, the balloon is placed in the terminal 
segment of the external iliac artery or proximal segment of the 
common femoral artery inflated to 1–2 atm. This creates proximal 
control and hemostasis with a non‐traumatic occlusion of the vessel 
during sheath removal and knot delivery.

Large bore venous sheath management
Currently, the most common indications for using large sheaths in 
the common femoral vein are shunt closure, left atrial appendage 
occlusion, paravalvular leak closure, and MitraClip. Some devices 
such as percutaneous left ventricular assist devices can also require 
large access to the venous system; however, more frequently, 
patients who require percutaneous left ventricular assist devices 
may have to leave the catheterization laboratory with the device in 
place, in which case there is a long delay before sheath removal and 
closure devices should not be used because of the high risk of 
infection.

Figure 2.8 Left panel: The white arrow shows the tip of a left internal mammary artery catheter that has been passed from the left femoral 
artery access over the top of the aortic bifurcation and into the right external iliac artery. This crossover catheter is used for angiography and 
delivery of a protective crossover wire. Right panel: Micropuncture needle having entered the right common femoral artery at the level of the 
white arrow. A micropuncture wire can be seen going retrograde in the right iliac and femoral system. Injection through the crossover catheter 
demonstrates the entry point of the micropuncture needle in the common femoral artery.
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The strategy for managing large sheaths in the venous system is 
easier than for arterial punctures because of the lower pressure of 
the venous system. After the access is carefully obtained by a regular 
18‐gauge needle, we place a 7 Fr dilator in the vein. Blunt dissection 
of subcutaneous tissue facilitates delivery of larger sheaths. The 
sheath is inserted in the standard manner. After completion of the 
procedure, we use a “figure of 8” suture for hemostasis. For this 
technique, we use a 0 silk suture and we start from the distal edge of 
the access site, below the insertion of the sheath through the skin. 
The orientation of the needle entry can be either from medial to 
lateral or vice versa. When the needle is withdrawn from the skin, 
we use the same needle on the more proximal segment of the 
sheath, superior to the sheath insertion, with same the same direc
tion of passage (medial to lateral or vice versa). After cutting off the 
needle, we take one end of the suture line and wrap around the other 
end three times, and finally tie down over the skin, while the sheath 
is still through the skin. The first operator keeps active force on the 
suture over the sheath as the second operator removes the sheath 
from the skin. Finally, the reinforcing knots will be placed. Very 
rarely do we see any ongoing oozing from the venous access site by 
using this simple and cost‐effective technique [42].

Conclusions
Proper management of femoral access is vital in reducing the femo
ral vascular adverse events, which are the most common complica
tions in cardiac catheterizations and interventions. Refinements in 

antithrombotic and antiplatelet regimens, and reductions in access 
size have reduced ambulation times and the risks of complications. 
Vascular closure devices have further significantly improved 
hemostasis and ambulation times, and current data suggest they 
are mostly safe. However, there is no unequivocal evidence to sug
gest they reduce vascular complications in either diagnostic or 
interventional subgroups. Experience and expertise with which
ever technique for femoral access site management one chooses 
are the best ways to minimize complications.

Just as important as management of vascular closure, careful atten
tion to obtaining vascular access is important. Careful assessment of 
bony landmarks by fluoroscopy prior to femoral access will maximize 
the chance of sheath insertion into the common femoral artery with 
reductions in complications. Similarly, routine femoral angiography 
after femoral access to confirm sheath position is useful not only for 
assessing suitability of applications of vascular closure device, but also 
for assessing the risks of bleeding with use of antithrombotics which 
can affect interventional decision making. Femoral vascular access 
and closure approaches have been greatly refined by the demands of 
TAVR, with CT assessment for procedure planning, the use of micro
puncture and ultrasound, and crossover techniques.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology

Distal tip of
crossover
catheter

Entry point

(a) (b) (c) (d)

Figure 2.9 Following the completion of the procedure, crossover angiography can be used to assess the adequacy of femoral closure. 
(a) Needle entry at the beginning of the procedure. The entry point of the needle is in the lower one‐third of the femoral head, below the lower 
border of the inferior epigastric artery and above the bifurcation of the common femoral artery, in the ideal landing zone for sheath insertion. 
(b) Extravasation of contrast after percutaneous closure of the large sheath entry point. The black arrow shows the contrast extravasation. The 
dotted white arrow shows course of a 0.018 inch crossover wire. The angiogram was taken with a pigtail positioned at the distal aorta above 
the iliac bifurcation. (c) A balloon passed over the crossover wire and inflated at 2 atm at the site of contrast extravasation and bleeding. 
(d) Complete sealing of the artery at the closure site. The contrast injection was through the shaft of the balloon catheter, around the 0.018 
inch wire, via a Toughy connector on the back end of the balloon catheter.
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The last decade has seen a paradigm shift in access site practice with 
an extraordinary uptake of radial artery access for both coronary 
angiography and interventional cardiac procedures [1]. While we 
are most often concerned about the coronary and cardiac complica-
tions of catheterization and intervention, vascular access complica-
tions are more common and carry prognostic importance for 
patients. The benefits of the radial artery as an access site for 
 catheterization is primarily because of its superficial compressible 
location allowing early effective hemostasis and mobilization. 
The uptake of transradial access (TRA) is a triumph of contemporary 
evidence‐based medicine as multiple large trials have challenged 
previous dogma about TRA causing increased risk of stroke and 
hand ischemia [2].

Rationale for transradial access
Ischemic complications of percutaneous coronary intervention 
(PCI) have reduced over time through developments in anticoagu-
lants, antiplatelet therapy, and coronary stents coupled with proce-
dural improvements [3]. Non‐ischemic complications of PCI have 
increasingly been the focus of attention—namely those involving 
vascular access and bleeding. TRA reduces vascular access compli-
cations allowing early ambulation, improved comfort, reduced 
bleeding risk, shorter hospital stay, and reduced cost [4]. While the 
definition of major bleeding varies widely, access site hematomas 
large enough to require transfusion are inexorably linked to worse 
short‐term and long‐term clinical outcomes and this relationship is 
thought to be causal [5,6]. Pharmacological developments that 
result in reduced bleeding complications have been associated with 
reductions in mortality [7]. If the relationship between bleeding 
and mortality is causal, any method of reducing bleeding, including 
procedural advances, will also reduce mortality. This hypothesis 
was supported by a subgroup analysis of the multicenter rand-
omized RIVAL study of radial vs. femoral PCI in acute coronary 
syndrome (ACS) showing a reduction in primary outcome (death, 
myocardial infarction, stroke, or major bleeding) in the highest 
 volume radial centers and in patients with ST‐elevation myocardial 
infarction [8]. The MATRIX study is the largest trial to date 
(n = 8404) comparing radial with femoral access for PCI in patients 

with ACS. Radial artery PCI reduced the rate of net adverse clinical 
event (death, myocardial infarction, stroke, or major bleeding) by 
17% (9.8% vs. 11.7% of patients; 0.83, 0.73–0.96; p = 0.0092) [9]. 
Mortality was reduced with radial PCI by 28% (1.6% vs. 2.2% of 
patients; 0.72, 0.53–0.99; p = 0.045). This is consistent with the 
updated meta‐analysis of all trials, which shows highly significant 
benefits of radial access in a population with ACS for major adverse 
cardiac events (MACE) by 14% (6.0% vs. 7.0% of patients; 0.86, 
0.77–0.95; p = 0.0051) and  mortality by 28% (1.8% vs. 2.5%; 0.72, 
0.6–0.88; p = 0.0011) [9].

Radial anatomy
Arterial supply to the upper limb begins as the axillary artery before 
it reaches the lower border of teres major becoming the brachial 
artery—the main blood arterial supply to the arm. This bifurcates 
1–2 cm distal to the intercondylar line of the humerus (proximal 
border of the antecubital fossa) into the radial and ulnar arteries 
(Figure 3.1).

Preprocedural considerations
There are several relative contraindications to TRA (Box  3.1). 
The modified Allen’s test is often performed prior to TRA to dem-
onstrate patency of ulnopalmar arches because of the theoretical 
risk of hand ischemia in the event of radial artery occlusion (RAO). 
The generous redundant vascularization of the hand by the radial, 
ulnar, and interosseous arteries provides excellent protection 
against digital ischemia which is almost never seen even in instances 
of RAO after catheterization [10]. The test involves compression of 
both the radial and ulnar arteries while blood is expelled from the 
hand by forced fist clenching. After opening the hand, ulnar artery 
compression is released and the amount of time to achieve maximal 
palmar blush is measured. “Normal” response times vary but a 
common contemporary definition regards within 5 seconds as 
 normal, 6–10 seconds as intermediate, and greater than 10 seconds 
as abnormal [11]. Plethysmography using a thumb pulse oximeter 
trace can be used to increase objectivity and diagnostic accuracy of 
the test (Barbeau test) [12].
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The ability of these tests to reliably predict those at significant 
risk of ischemic hand complications is hotly debated [13–15]. There 
are only a few isolated case reports of distal hand ischemia and gan-
grene following TRA and these patients often had normal Allen’s 
tests and were most likely caused by distal embolization [16,17]. 
The paradigm is shifting away from testing ulnar artery patency, 
with solid clinical evidence supporting the safety of TRA across the 
full spectrum of Allen’s test results [11]. Almost one‐quarter of 
operators worldwide now forgo assessment of ulnopalmar arterial 
supply prior to TRA while high‐volume radial centers in the UK 
have shown this approach to be safe and without ischemic 
sequelae  [18,19].

Right vs. left radial approach
The right‐sided controls in the catheterization laboratory lend 
themselves to a right radial approach, which is generally preferred 
by both patient and operator [13]. Nevertheless, the left radial 
approach (LRA) can offer a favorable approach because of direct 

takeoff of the left subclavian artery from the aortic arch, providing 
better guide support akin to the femoral approach [20]. In shorter 
elderly patients, the LRA approach may be favorable with less 
 subclavian tortuosity easing catheter passage into the aorta. LRA 
has recently been shown to be as effective as the right radial with 
an  improved radiation safety profile to the operator [21]. Other 
 considerations for LRA include bypass graft studies involving angi-
ography of the left internal mammary artery and possible future 
need for a bypass conduit from the non‐dominant hand. 
Importantly, in patients with previous bypass surgery LRA coronary 
angiography is a feasible alternative but is associated with increased 
contrast use, procedure time, and operator radiation exposure 
 compared with transfemoral angiography [22].

Ulnar and brachial approach
Ulnar artery access has been used as a feasible alternative for 
coronary angiography and PCI, although compared with first‐
line TRA it is inferior with increased crossover rates to TRA. 
Nevertheless, in terms of access complications it was comparable 
to radial including comparable rates of large hematomas with no 
cases of ulnar nerve damage or hand ischemia [23]. The path of 
the ulnar artery is deeper and less centered over bone and thus 
does not lend itself to compressive hemostasis as readily as the 
radial. The brachial approach is usually reserved as a third or 
fourth line access site because of higher risk of major access com-
plications than TRA: thrombosis, dissections, and median nerve 
injury [24].

Gaining radial access
Careful vessel palpation and planning is key to successfully gain-
ing access and minimizing inherent risk of spasm with multiple 
punctures. The artery should be punctured 1–2 cm proximal to 
the radial styloid in order to avoid the tortuous distal radial 
artery and its smaller branches. Repeat procedures or attempts 
can be performed more proximally if required. A small quantity 
of 2% lidocaine is useful for anesthetic and can be mixed with a 
small amount of subcutaneous nitroglycerin in patients whose 
pulse is low volume. There are two main techniques for arterial 
puncture: a traditional Seldinger technique (“through‐and‐
through” puncture) and a modified Seldinger technique (“ante-
rior only” puncture). In the traditional Seldinger technique a 
needle with an overlying Teflon‐coated cannula sheath is used to 
puncture the artery at approximately 30°. A flash of blood indi-
cates anterior arterial wall puncture, and the needle is advanced 
through the posterior radial artery wall. After removal of the 
needle, a 0.021‐inch guidewire is placed in the hub of the Teflon 
cannula and the entire system is withdrawn backwards until pul-
satile flow occurs into the hub of the Teflon cannula indicating 
luminal cannula sheath position. The guidewire can be advanced 
and subsequently the hydrophilic introducer sheath inserted over 
the guidewire.

The modified Seldinger technique uses a short 21‐gauge bore 
needle with an anterior‐only puncture technique. After puncture of 
the anterior wall of the radial artery, a 0.021‐inch guidewire is 
advanced into the artery allowing removal of the needle and sheath-
ing over the guidewire.

An elegant randomized trial showed the traditional Seldinger 
technique (double wall puncture) to be a more reliable way to 
obtain radial artery access with greater success rates, shorter proce-
dure time, and shorter time to gain access. Importantly, there were 

Figure 3.1 The forearm and hand benefit from a dual blood supply 
resulting from the radioulnar anastomosis in the hand via superficial 
and deep palmar arches.

Box 3.1 Transradial approach—relative contraindications

Absent radial pulse
Severe vasospastic disease (e.g., Raynaud’s, CREST)
Arteriovenous fistula for dialysis (current or planned)
Requirement for radial artery aortocoronary bypass conduit

CREST, syndrome of calcinosis, Raynaud’s phenomenon, esophageal dys-
motility, sclerodactyly, and telangectasia.
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no differences in procedure‐related complications such as radial 
hematoma or radial artery obstruction [25].

Navigating common anatomic problems
While various anomalies in radial, brachial, and axillary arterial 
 circulation are common, knowledge of just three major anatomic 
variations is important as they determine most radial procedural 
failures [26]. With experience these can often be negotiated; how-
ever, where this is not possible the asymmetrical nature of forearm 
vasculature leaves contralateral radial access and the femoral 
approach as equally plausible options [27].

High radial–ulna bifurcation (“high take‐off ”)
High‐origin radial arteries (defined by their origin above the 
antecubital fossa) are the most commonly encountered radial 
artery anomaly, occurring in 7% of patients undergoing radial 
angiography. These present problems during angiography 
because of their small caliber and often tortuous course making 
them prone to spasm. Nevertheless, in experienced hands 
(and with frequent use of 5 Fr catheters and hydrophilic wires) 
the procedure can be  completed transradially in over 95% of 
cases [26].

Radial artery loops
This is the most common cause of transradial failure for experi-
enced radial operators [28]. Radial artery loops involve a retro-
grade loop in the radial artery proximally toward the brachial 
bifurcation before heading down to the forearm. Navigating the 
loop is made more challenging by the invariable association with a 
recurrent (accessory) radial artery, which typically is a small 
caliber vessel with a straight path up the arm from the apex of the 
loop. After defining the loop with angiography, small loops can 
often be navigated with a coronary wire or a soft‐tipped hydro-
philic wire looped into the brachial artery. Wire passage alone can 
straighten the loop; alternatively, a buddy wire or small caliber 
catheter can be exchanged allowing passage of a 0.035‐inch wire 
with gentle traction allowing the loop to be straightened and 
 permitting the procedure to be completed in over two‐thirds of 
cases (Figure 3.2) [28].

Tortuous radial arteries
Radial tortuosity defined by the presence of a bend of more than 
90° in the contour of the vessel occurs in around 2% of cases and 
is often associated with severe spasm [29]. With any resistance to 
wire passage, the vessel should be mapped using angiography and 
these angulated segments can usually be crossed using a hydro-
philic or coronary wire in the majority of cases. Balloon assisted 
tracking (BAT) can be used facilitating non‐traumatic navigation 
through challenging anatomic situations including severe tortuos-
ity, resistant spasm, small caliber radial artery, and complex loops. 
In this technique, an inflated percutaneous transluminal coronary 
angioplasty (PTCA) balloon is partially protruded through the 
distal end of a guide (or diagnostic catheter) and deployed at 6 
atmospheres. The entire assembly is then advanced over a non‐
traumatic PTCA guidewire and steered through the challenging 
segment [30].

Other barriers
After navigation to the subclavian artery, two further barriers to 
TRA include a tortuous subclavian system or a distal insertion of 
the subclavian into aorta (arteria lusoria). Risk factors for subclavian 

tortuosity include hypertension, female gender, older age, smoker, 
short stature, and high body mass index [31]. A deep breath held in 
inspiration normally facilitates a straightening of the passage into 
the ascending aorta allowing correct catheter orientation in the 
ascending aorta. In very rare cases (0.29%), the right subclavian 
artery enters very distally into the aortic arch or descending aorta. 
While it is technically feasible to negotiate the retroesophageal right 
subclavian artery (RORSA; Figure 3.3), early identification of this 
issue with conversion to an alternative access site is advised to 
avoid unnecessarily long procedures with excessive  radiation 
 exposure [32].

Figure 3.2 Radial artery loop with typical appearance of accessory 
radial artery from apex of loop.

Figure 3.3 Retroesophageal right subclavian artery (RORSA). Note 
subclavian insertion into distal aortic arch in a young patient with 
acute ST elevation myocardial infarction.
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Complications of transradial access
Spasm
The radial artery is a muscular small‐caliber vessel allowing only lim-
ited clearance for catheter passage. Resultant mechanical friction com-
bined with circulating catecholamines can trigger α1‐adrenoreceptors 
leading to arterial vasospasm. Catheters can become difficult to 
manipulate and torque potentially abetting more spasm (Table 3.1). 
This phenomenon occurs in around 15% of cases but the incidence 
varies widely (2–30%) according to center and definition used [33]. 
While spasm is usually painful for both the patient and operator, its 
incidence is reduced with increasing operator experience [34], ade-
quate procedural sedation (opiate/anxiolytic) [35], and administration 
of a “spasmolytic cocktail” after sheath insertion [35,36]. This usually 
consists of a combination of calcium channel blockers (e.g., verapamil 
2.5–5 mg) and/or nitrates (e.g., nitroglycerin 0.1–0.4 mg) given directly 
into the radial artery sheath. Intravascular imaging studies show the 
luminal area increases by 44% after 3 mg intra‐arterial verapamil with 
only a moderate blood pressure reduction and no significant change in 
heart rate [37]. Intra‐arterial lidocaine should be avoided as it causes 
paradoxical vasoconstriction [38]. Intra‐arterial heparin administra-
tion may be painful so can either be given intravenously, or it can be 
given intra‐arterially with the “cocktail” after dilution with saline or 
blood from the sheath to reduce arterial irritation and burning.

Hematoma
Unlike bleeding from femoral access, hematoma formation in the 
 forearm is usually visible during the procedure and very seldom 
requires a blood transfusion [10]. Forearm hematomas can be 
 classified according to the EASY classification by Bertrand: Grades 
I and II relate to puncture site bleeding whereas Grades III and IV 
relate to intramuscular bleeding (Figure  3.4) [39]. TRA is rarely 
associated with severe access‐related bleeding complications; 

Radial
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Figure 3.4 Transradial hematoma classification system. Source: Bertrand 2010 [39]. Reproduced with permission of John Wiley & Sons.

Table 3.1 Complications of transradial access.

Common Uncommon

Spasm Arterial injury (dissection/perforation/
eversion/laceration)

Hematoma (forearm) Compartment syndrome

Radial artery occlusion Catheter entrapment

Transient vocal cord paralysis

Atheroembolism/thromboembolism
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 however, their prompt identification allows targeted therapy at the 
point of pain or swelling including BP cuff inflation at 20 mmHg 
below the systolic pressure for 15 minutes to stop bleeding and 
reduce forearm pressure.

Compartment syndrome
This limb‐threatening emergency is fortunately extremely rare 
(incidence <0.01%) [40]. It usually relates to hematoma formation 
but can occur in its absence [41]. Characterized by forearm pain 
and swelling, disastrous sequelae can usually be avoided by prompt 
recognition and cessation of local bleeding by [42]:
1 Cessation of anticoagulants (and/or reversal)
2 Pain and blood pressure control
3 Transient external compression (BP cuff).

Artery dissection or perforation
In the absence of wire resistance in the arm, systematic fluoroscopy 
is not necessary until the subclavian artery is reached. It should be 
commenced prior to entering the brachiocephalic artery to avoid 
inadvertent wiring of the right carotid, vertebral, or distal mam-
mary artery. Where wire resistance is encountered, angiography 
should allow the operator to identify and often overcome the 
 problem. If the wire is pushed against resistance, vessel dissection 

or perforation can ensue. Brachial or radial artery perforation is 
rare (incidence around 0.05%) while angiographic images may be 
dramatic, rather than aborting the procedure the literature supports 
careful attempts to recross with a soft angioplasty wire (0.014 inch) 
[10]. Once crossed, guide catheters can be used to complete the PCI 
while the catheter will usually seal the dissection or perforation. 
This avoids the potential for large hematoma formation and com-
partment syndrome which may ensue if the procedure is aborted 
(Figure 3.5) [29].

This important complication of transradial access occurs in 
approximately 5% of cases [24,43,44]. For the anatomic reasons 
already described, RAO is almost always clinically silent. 
Nevertheless, patency of the artery is important for future TRA, 
while the radial artery can also be used as a hemodialysis fistula 
or bypass conduit, hence operators should consider the signifi-
cance of this complication for each individual patient. The 
reported incidence varies according to the method used to 
detect RAO; however, the use of periprocedural anticoagulation 
with heparin or its  analogues significantly reduces its occur-
rence [45]. Smaller diameter sheaths and catheters with careful 
hemostasis techniques are also protective against occlusion [46]. 
Up to half of early occlusions spontaneously recannalize within 
1 month [47].

(a) (b)

(c) (d)

PTCA wire

PTCA balloon

Guide catheter

Figure 3.5 (a) Guidewire induced perforation of radial access. (b) A soft tip 0.014‐inch percutaneous transluminal coronary angioplasty (PTCA) 
guidewire crossed the perforated segment (arrow). (c) Successful use of balloon assisted tracking (BAT) technique to navigate a 6 Fr guide 
catheter through the perforated segment (arrow). (d) Post procedure injection revealed proper sealing of perforation and no extravasation. 
System. Source: Patel et al. 2013 [29]. Reproduced with permission of John Wiley & Sons.
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Techniques for radial artery hemostasis
There are many similar devices developed to achieve hemostasis 
 following TRA catheterization. The crux of most designs is a band 
around the wrist enabling discrete pressure over the radial artery 
while ulnar flow is left unimpeded. The TR band (Terumo, Tokyo, 
Japan) is a transparent band allowing puncture site visualization 
while air is titrated into a sack compressing the radial artery. It com-
pares favorably in a non‐randomized comparison with the HemoBand 
(HemoBand, Portland, OR), the latter associated with higher rates of 
RAO (7.2% vs. 3.2% at 30 days; p = 0.04) [48]. If compression is too 
aggressive, a no‐flow state occurs and is the biggest predictor of sub-
sequent RAO [47]. The technique of “patent hemostasis” to preserve 
antegrade flow is the preferred method of radial artery closure. RAO 
is minimized by using either plethysmography (Barbeau test) or 
mean arterial pressure (via TR band attached to sphygmomanome-
ter) to achieve hemostasis while preserving antegrade flow [46,49].

Basic catheter selection
There are an increasing number of catheters specifically designed 
for radial access (Table 3.2); however, the majority of operators 
worldwide still prefer standard femoral shapes for TRA proce-
dures [13]. When compared with the femoral approach, a shorter 
curve of the Judkins left catheter 3.5 is preferable and often 
requires more manipulation from the radial approach. The 
0.035‐inch wire may be advanced into the cusp of interest to 
direct the catheter; subsequently the wire can be kept inside the 
catheter tip to facilitate torqueing and prevent the catheter 
 curling back up the aorta. Gentle advancement with counter-
clockwise rotation can assist in selectively engaging the left main 
ostium with a Judkins left catheter. A  J‐wire should be used 
to change to the Judkins right coronary catheter; a long length 
exchange J‐wire should be used to keep the position in the 
ascending aorta in cases with significant subclavian or aortic 
tortuosity. Technique to engage the right coronary artery with a 
Judkins right catheter is similar to the femoral approach where 
withdrawal occurs with clockwise torque.

One advantage of TRA is the opportunity to use a universal 
 catheter shape incorporating end and side holes facilitating left and 
right coronary angiography and left ventriculography with a single 
catheter. The Tiger II catheter (Terumo, Sommerset, NJ) is the most 
commonly used universal catheter shape; however, the Kimny 
(Boston Scientific, Natick, MA) and other similar designs are in use 
[13]. Caveats of the universal catheter approach include the learn-
ing curve from traditional femoral shapes, potential for non‐coaxial 
engagement, poor artery opacification, “deep‐throating” coronary 
arteries with inherent risk of ostial trauma and vessel dissection. 
Potential benefits include reduction in catheter exchanges, spasm, 
and procedure time, particularly beneficial in the setting of ST‐ 
elevation myocardial infarction (STEMI).

Common guides for TRA left coronary angiography include 
EBU/XB 3/3.5/4, while right coronary guides include JR4, AL0.75/1. 
For most angioplasties, 6 Fr equipment is sufficient; however, where 
two stent techniques or large thrombectomy devices are required a 
7‐Fr approach can be used utilizing sheathless guiding catheters. 
These feature combined hydrophilic coating with inner dimensions 
larger than 7 Fr but smaller outer profile than a conventional 6 Fr 
introducer sheath. They are useful in patients with severe spasm 
and those with small arteries enabling complex transradial PCI that 
would not be feasible using conventional techniques.

Conclusions
The access site is a major determinant of successful angiography 
and PCI as well as a predictor of procedural complications. Radial 
access has evolved over the last three decades to emerge as the safest 
access site with clear advantages over the femoral approach. There 
is a weight of clinical evidence supporting TRA for physician‐ oriented 
hard clinical endpoints including bleeding, vascular  complications, 
and MACE. For the authors’ patients, TRA is preferred with better 
functional outcomes allowing early mobilization and discharge. For 
hospitals and governments there are cost-saving implications. The 
exponential rise of TRA is clear and here to stay.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Angiography has been the keystone tool to assess coronary anatomy, 
leading to the development of largely applied revascularization tech-
niques such as coronary artery bypass graft (CABG) and percutane-
ous coronary intervention (PCI). When CABG was the only 
revascularization strategy, the main scope of angiography was to 
detect the presence of significant stenosis and to provide informa-
tion on vessel distality and contrast run‐off. There was no need to be 
parsimonious with contrast because no further angiographic proce-
dures were being planned. However, with the development of PCI, 
angiography has become far more important. In addition to clearly 
demonstrating the entire length of all epicardial arteries, the focus is 
to identify the anatomy of the lesion including its extension and the 
relationship with side branch vessels in order to allow correct  planning 
of the revascularization strategy. The number of views and contrast 
use is restricted to the minimum required in anticipation of further 
contrast requirement during intervention. Therefore, angioplasty‐
focused projections should be favored in view of standard acquisi-
tions, carefully selecting the more informative views in order to 
avoid foreshortening or overlapping of the diseased vessels.

The main limitation of angiography is that it can only provide a 
limited analysis of lumen profile without providing in‐depth infor-
mation about vessel wall characteristics or the composition of coro-
nary lesions. New intracoronary imaging techniques have been 
developed to overcome these limitations. Intravascular ultrasound 
(IVUS) was the first intracoronary imaging modality introduced in 
interventional cardiology in the early 1990s, followed more than a 
decade after by optical coherence tomography (OCT), a near‐infra-
red light‐based technology. The use of ultrasound reflectance and 
near‐infrared light allows IVUS and OCT to provide information 
about intravascular anatomy with a level of detail far exceeding that 
achieved from conventional angiography.

Catheter selection
Since the first human cardiac catheterization, performed by 
Forssmann in 1929, access site approach and angioplasty equipment 
have undergone considerable evolution. Miniaturization and refine-
ment of materials have been among the most important goals, allow-
ing interventionalists to perform more complex procedures and 
resolving most of the percutaneous limitations. The size of sheath, 
catheter, balloon, and stent delivery systems has been  dramatically 

reduced in the last few years. From 9 French (Fr) devices used by 
Gruentzig in the late 1970s [1], now most PCI can be safely performed 
with a 6 Fr guiding catheter [1]. Contemporary diagnostic catheters 
are preshaped to facilitate intubation of the coronary ostia, in most 
cases with only minimal catheter manipulation. These smaller cathe-
ters appear of particular interest in the “transradial era” where tran-
sradial PCI has emerged as a gold standard in many centers replacing 
the transfemoral route in daily practice. The lack of back‐up support 
offered by smaller catheters can be partially compensated by extra‐
stiff wires for the cannulation of the ostium and the use of extra‐support 
guidewire or “mother and child” systems during the intervention. 
Moreover, the flexible tips facilitate the deep intubation of the target 
vessel and reduce the risk of vessel damage. Access site, sizing of the 
ascending aorta, and origin and take off of the target artery strictly 
condition the selection of the ideal curve for the catheter.

Left coronary
Judkins curve catheters are used most widely. Judkins left (JL) 4 
would suit the anatomy of most patients although downsizing to 
JL3.5 may be required in patients with a smaller diameter aorta 
such as women. If the aortic root is dilated, JL4.5, JL5, or even JL6 
with longer secondary curves may be required. Selective intubation 
can be encountered when there is a short left main stem (LMS) or 
separate origin of the left anterior descending (LAD) and circum-
flex (Cx) arteries, which may necessitate selecting a catheter with an 
upwards pointing tip (e.g., JL3.5) for intubation of the LAD and a 
more horizontal tip (e.g., JL4) for intubation of the Cx.

Right coronary
The take off of the right coronary artery (RCA) varies more than 
the left. A Judkins right (JR) 4 curve is most often used successfully. 
High anterior origin of the RCA may necessitate the use of an 
Amplatz right or left curve if a JR is unsuccessful.

Radial approach
The same curves suit most patients during left radial intervention, 
while a 0.5 downsizing of the left curve (e.g., to JL3.5 if JL4 would 
have been suitable from the femoral approach) is generally required 
when using the right arm. A Barbeau, Tiger, or Ikari catheter suita-
ble for both the left and right coronaries can also be used from the 
right radial approach.
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Coronary intubation
The left anterior oblique (LAO) view is most useful for intubation 
of the left and right coronary arteries, because the left and right 
coronary sinuses are maximally separated and there is minimal 
overlap between the ostia and the coronary sinuses (Figure 4.1). For 
intubation of the left system the J‐wire is advanced up to just above 
the aortic leaflets. The catheter is advanced over the wire and when 
the tip nears the aortic sinuses the J‐wire is withdrawn to allow it to 
approach close to or intubate the coronary ostium. Slow J‐wire 
withdrawal is recommended to avoid the catheter tip flicking into 
the ostium which can cause dissection, plaque dislodgement, or 
spasm, and also to avoid sucking air into the proximal catheter hub. 
The right coronary is intubated by advancing the JR catheter over 
the J‐wire until the tip is just above the aortic leaflets. The wire is 
then withdrawn into the distal catheter to facilitate manipulation. 
Gentle counterclockwise rotation aiming the catheter tip toward the 
left with concomitant withdrawal is usually required. Gentle move-
ments are emphasized to avoid sudden or deep intubation, which 
can precipitate spasm. Before proceeding to inject dye the pressure 
trace is checked. The pressure trace can be damped or ventricular-
ized indicating the possibility of ostial right or LMS disease, spasm, 
complete occlusion of a non‐dominant RCA, or that the catheter tip 
is abutting the vessel wall. Forceful contrast injection during any of 
these scenarios could result in dissection or plaque dislodgement. 
Contrast injection with an occlusive catheter with contrast remain-
ing at the end of the injection, for instance holding up into the 
conus branch, should also be avoided because this can precipitate 
ventricular fibrillation. Spasm can be reversed with intracoronary 
nitrate, for example isosorbide dinitrate (ISDN) 100–200 µg. Rapid 

but gentle catheter withdrawal is indicated until the coronary 
ostium is extubated or the pressure trace normalizes. A small dose 
of intracoronary nitrate can be required to counteract any coronary 
vasospasm (e.g., ISDN 100–500 µg depending on the blood pres-
sure). On occasion, smaller (e.g., 5F or 4F) catheters are required to 
avoid damping caused by spasm in hyper‐reactive arteries or when 
there is ostial plaque.

The active support offered by deep intubation is frequently used 
also during interventions. However, this technique presents several 
relative limitations. The obstruction of flow during deep cannula-
tion can induce severe ischemia, not always prevented by the pres-
ence of side holes [2]. Moreover, there is a potential risk of air 
embolism because of aspiration of air through the Y‐connector 
while the catheter is damped inside the artery with a low back 
 pressure. In any case, if the guide catheter is advanced coaxial with 
gentle rotation over the rail offered by a previously inserted wire 
and balloon, the risk of vessel damage is extremely low. A balloon 
can also be inflated at low pressure in the artery to stabilize the 
 system while pushing the guiding catheter.

Diagnostic angiography
Left‐sided views
The first view is chosen to identify LMS disease. Either a post‐ 
anterior (PA) view with minimal angulation to the right to project 
the catheter tip off the spine or a LAO caudal (the so‐called spider) 
view, are used most often. At least three to four perpendicular views 
are required to visualize the left coronary tree (Table 4.1 shows the 
most widely used combinations of views). In many patients these 
views would suffice, potentially even when proceeding immediately 
to angioplasty. However, because of variations in patient anatomy 
such as increased overlap caused by prominent tortuosity, displace-
ment, or rotation of the heart axis in the chest (e.g., when there is 
normal anatomic variation, chest wall deformity, previous cardio-
thoracic surgery, or lung pathology), modification of views or 
 additional views are sometimes required. When a lesion is identi-
fied, additional views can be indicated depending on how well the 
affected coronary segment has been visualized (Table 4.2).

Right‐sided views
Two perpendicular views are advocated for the RCA, usually LAO 
and right anterior oblique (RAO). However, it is frequently impos-
sible to exclude disease at or beyond the crux without an additional 
view with cranial angulation (e.g., PA cranial or LAO cranial).

Lesion‐specific approach
Optimal views for each coronary segment
Views that reliably demonstrate the full length of each coronary 
segment while minimizing foreshortening and overlap for the left 
coronary arteries are shown in Figures  4.2 and 4.3(a). However, 
because of the wild degree of variation in human anatomy there are 
no views that will in all cases demonstrate clearly a lesion in a par-
ticular coronary segment. An example of a patient where the lesion 
was only clearly demonstrated after further adjustment of the 
 gantry to unusual angles is shown in Figure 4.4.

Left main stem
Lesions in the ostium or mid segment of the LMS are often best 
seen in the anteroposterior (AP) cranial view. The straight AP view 
with only slight rightward angulation to project the catheter tip off 

(a) (b)

(c) (d)

Figure 4.1 Guiding catheter selection for left coronary artery.  
(a) Normal: JL4. (b) Dilated root: JL5, VL4, GL4, EBU. (c) Superior origin: 
AL3, VL4, GL4, EBU, Champ. (d) Short left main: JL4 short tip, JL3.5.
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the spine is sometimes advocated but may not be optimal because 
the ostium of the LMS can be projected over the left coronary 
sinus. The ostium of the LMS can also be seen clearly in an LAO 
caudal view (30–50° left; 25–40° caudal), which will also  demonstrate 
the mid LMS and can sometimes be the only view to clearly separate 
the LMS bifurcation. In this view, also known as the “spider view,” the 
picture can be grainy and of poor quality particularly when angula-
tion is steep and in obese patients. The image can be optimized by 
positioning the LMS in the center of the field and reducing image 
contrast by blanking the field from the 12 o’clock to the 3 o’clock 
position. A small test injection before acquisition is sensible because 
a more horizontal axis of the heart can require steeper caudal angu-
lation and occasionally overlap at the LMS bifurcation can be sepa-
rated by rotating more steeply to the left or toward AP caudal.

Left anterior descending
Separation of the bifurcation of the LMS in the LAO caudal view 
also shows the ostium of the LAD clearly as well as the proximal 
LAD and frequently also the origin of the first diagonal. For these 
reasons the LAO caudal view is useful for wiring the proximal LAD 

or for stent positioning at the ostium of the LAD, but if possible it 
should be avoided as a working view because X‐ray attenuation 
caused by the highly angled projection through the spine results in 
higher X‐ray doses. Working views for the LAD ostium include 
RAO caudal and RAO cranial, although in the latter more than 30° 
of rightward angulation are sometimes required to move the cir-
cumflex off the region of interest. Although the RAO cranial view 
can clearly demonstrate lesions in the proximal and mid LAD this 
is not the ideal working view because steep >40° rightward angula-
tion is required to eliminate overlap with diagonals and wide dia-
phragmatic excursion during breathing causes highly variable 
contrast ratio in the field of view. Simply moving the gantry from 
AP to AP cranial elongates the proximal LAD and separates the 
diagonals to the right of the screen. A rightward tilt of <5° may be 
required to separate the proximal segment from the spine and the 
catheter in order to produce an excellent standard working view for 
the proximal and mid LAD unaffected by movement of the dia-
phragm. For diagnostic purposes, the ostia of the diagonals may be 
better seen in the LAO cranial view. However, LAO cranial is 
 seldom used as a working view because a deep breath hold is 

Table 4.1 Angiographic projections and optimal visualization of left and right coronary artery segments.

Coronary artery 
segment

LAO 40–50°
Caudal 25–40°
(spider)

AP RAO 
5–15°
Caudal 30°

RAO 30–45°
Caudal 
30–40°

AP/RAO 
5–10°
Cranial 
35–45°

LAO 35–40°
Cranial 
25–35°

Lateral ±
Caudocranial
10–30°

LAO 
45–60°

RAO 
30–45°

LM ostium ++ + + +++ +++ – – –

LM bifurc +++ +++ ++ – – – – –

LAD prox ++ ++ +++ ++ ++ + – –

LAD mid – + + +++ ++ ++ – –

LAD dist + + +++ + – +++ – ++

LAD/DG ++ + – ++ +++ – – –

LCX prox + +++ +++ – – – – –

LCX dist + + ++ +++ ++ + ++ –

OM bifurc ++ +++ ++ – – – + –

RCA prox – – – + +++ – ++ –

RCA mid – – – – + +++ ++ +++

RCA dist/crux – – – +++ +++ – ++ –

PDA – – – +++ ++ – + ++

PLV + – – +++ ++ + + –

LIMA anast + – – – – +++ – –

– not recommended; + occasionally useful; ++ very useful;: +++ ideal.
AP, anteroposterior; LAD, left anterior descending; LAO, left anterior oblique; LCX, left circumflex; LIMA, left internal mammary artery; OM, obtuse marginal; PDA, 
posterior descending artery; PLV, posterior left ventricular; RAO, right anterior oblique; RCA, right coronary artery.
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(a) (b)

(d) (e)

(c)

(f)

Figure 4.2 Guiding catheter selection for right coronary artery. (a) Normal: JR4. (b) Inferior orientation: modified right Amplatz. (c) Anterior 
origin (right cusp): Multipurpose. (d) Shepherd’s crook: Arani 75°, Champ. (e) Superior origin: MAC, Champ, Multipurpose. (f) Dilated root: AL2.

Table 4.2 Popular view combinations for diagnostic angiography with benefits and limitations of each view.

View Good for visualizing Limitations

Combination 1
AP (5–10° 
RAO)

LMS (ostium and main shaft) Overlap on LMS bifurcation and sometimes LMS ostium with left 
coronary sinus

Lateral Mid and distal LAD, mid Cx Potentially high radiation dose to operator, usually limited view of 
proximal LAD, patient’s arms need to be above head to visualize 
posterior arteries, often overlap diagonals/LAD

RAO cranial Proximal and mid LAD, distal Cx Test injections can be required to adjust angulation to ensure diagonals 
are above LAD, overlap with dominant Cx, and position of the 
diaphragm

RAO caudal Circumflex and distal LAD

Combination 2
LAO caudal LMS bifurcation, proximal LAD 

and proximal circumflex
Potentially a higher radiation dose to the patient, poor quality images 
sometimes in large patients

LAO cranial Mid LAD, origin of diagonals, 
proximal and mid Cx

Patient required to hold in inspiration during acquisition to elongate the 
proximal LAD

AP cranial Proximal and mid LAD, distal Cx Steep cranial angulation required can be a problem for patients with 
cervical spine fixation

RAO caudal Circumflex and distal LAD, 
sometimes LAD ostium

AP, anteroposterior; Cx, circumflex; LAD, left anterior descending; LAO, left anterior oblique; LMS, left main stem; RAO, right anterior oblique.
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required to reduce foreshortening and reduce projection of the dia-
phragm over the proximal and mid LAD. The body habitus of some 
patients also requires steep leftward angulation to project the LAD 
off the spine. An alternative but much less frequently used working 
view for lesions in the proximal and mid LAD is the left lateral. If 
the only vessel of interest is the LAD it is not necessary to ask 
patients to remove their arms from the field of view by keeping 
them above their heads, as this requirement is often uncomfortable 
and can be impossible for the elderly and patients with arthritis or 
old shoulder injuries.

Panning is usually required in the RAO cranial and LAO cranial 
views to demonstrate the distal LAD. Smooth slow panning allows 

the X‐ray generator to adjust automatically to changes in X‐ray 
attenuation. The lateral view is a good alternative for demonstrating 
the distal LAD around the apex but can also require controlled 
movement of the table during the acquisition toward the floor and/
or in the direction of the head. The RAO caudal view can include 
the distal LAD without the requirement for table movement or 
being affected by diaphragmatic movement.

Circumflex
The circumflex ostium can be clearly seen together with the LMS 
bifurcation in the LAO caudal view. Occasionally, eccentric ostial 
lesions not clearly seen in other views can be delineated in the RAO 
cranial view although steep angulation may be required. The RAO 
caudal is the most useful diagnostic view for the circumflex and can 
clearly define lesions in the ostium, proximal, and mid vessel as well 
as the bifurcations and obtuse marginals. To obtain a working view 
with improved image quality by eliminating overlap with the dia-
phragm and reduced X‐ray attenuation the view can be modified to 
AP caudal with only 10–15° rightward angulation.

The proximal and mid circumflex territory can also be viewed in 
the left lateral. A drawback of this view is that the patient has to 
remove their arms from the field of view by elevation above their 
head. Even young patients without arthritis can find this difficult 
to maintain for prolonged periods. Additional caudal angulation 
can be required to reduce overlap with marginal vessels. RAO or 
LAO with cranial angulation can be required to view lesions in the 
distal circumflex when the RAO caudal is suboptimal. If the 
 circumflex is dominant, the LAO cranial or AP cranial views may 
open up the distal bifurcation and elongate the posterior descend-
ing artery (PDA).

(a)

A

B

B
A

(b)

Figure 4.3 Ikari catheters for radial approach. (a) Ikari left. (b) Ikari 
right. Curve A to fit angle of brachiocephalic artery; straight portion 
B to generate strong back‐up force supported by opposite site of the 
aorta wall.

LMS

AP cranial
LAO caudal

LAD ostium

RAO caudal
LAO caudal

LAD proximal &
middle

AP cranial
Left lateral

Distal LAD

RAO+cranial
LAO+cranial

PA, cranial 46 LAO 58, caudal 30 PA (0,0) LAO 90

RAO, caudal LAO 46 caudal 44 LAO 46 cranial 20 LAO 90

Cranial 36 RAO 3 LAO 90 LAO 48 cranial 18 RAO 36 caudal 27

Cranial 42 RAO13 LAO 50 cranial 26 RAO 35 caudal 21 LAO 50 caudal 34

A B C D

A B C D

Figure 4.4 Optimal angiographic views for specific segments of the left anterior descending artery are indicated with a green tick mark. Some 
views that may be useful but are not generally recommended are indicated with an orange tick mark and inadequate views with a red cross.
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Right coronary artery
Views that reliably demonstrate the full length of each coronary 
segment while minimizing foreshortening and overlap for the 
RCA are shown in Figure 4.3. Usually, the only two views required 
to demonstrate lesions in the proximal, mid, and distal RCA are 
LAO and RAO, because of the absence of side branches in these 
segments. Ostial lesions in the RCA are often detected in LAO 
but can be significantly foreshortened in this view. If stent place-
ment is being considered, finding the least foreshortened seg-
ment can  facilitate accurate positioning at ostium. The ostial 
segment and proximal RCA often lay perpendicular to the X‐ray 
beam in the AP cranial and LAO caudal views, despite variation 
in the origin of the RCA toward anterior or posterior. The lateral 
view with cranial angulation can identify occasional highly 
eccentric ostial lesions not clearly seen in other views. The lateral 
view can also occasionally help to better delineate lesions in a 
highly tortuous mid RCA or when right ventricular branches 
overlap the main vessel.

The distal RCA, PDA, and posterior left ventricular (PLV) 
branches lie posterior to the heart and require cranial angulation 
(in LAO) or caudal angulation (in RAO or AP) to be visualized 
without overlap. Many operators routinely include a third view, 
either AP cranial or LAO cranial, in addition to LAO and RAO as 
standard during diagnostic imaging.

Vein grafts
An operative report describing graft number and insertions is 
imperative to reduce the chances of missing a graft as well as to 
reduce fluoroscopy dose and procedure time spent hunting for an 
unknown number of grafts. An aortogram can be helpful for graft 
localization, potentially saving time and contrast, but it is not a 
panacea, because grafts can sometimes opacify only if the pigtail 
catheter is positioned at the level of the graft origin, if at all, when 
the take off is vertical and/or flow is slow. The insertions of vein 
grafts can vary substantially, in particular after redo bypass sur-
gery. A rule of thumb is that the aorto‐ostial insertions of vein 
grafts to the left coronary system tend to arise lower and more 
anterior for grafts to an anterior artery (e.g., LAD) and progres-
sively more superior and leftward as the insertion site moves more 
toward left lateral (e.g., diagonal, intermediate, obtuse marginal, 
AV circumflex). In the RAO view, left‐sided grafts can be intubated 
by pointing the catheter toward the right of the screen. Right‐sided 
grafts can be found in LAO by dragging the catheter pointing to 
the left of the screen along the ascending aorta starting above the 
RCA ostium. A patent graft with slow flow may only partially 
opacify and thus appear occluded if intubated with a catheter tip 
that is angulated toward the wall of the graft, for example vertical 
origin of vein grafts to the RCA intubated with a JR catheter. In 
these instances a coaxially aligned catheter, for example a multi-
purpose or right coronary bypass (RCB) catheter for a right‐sided 
graft and a multipurpose or left coronary bypass (LCB) for left‐
sided grafts, should be used to clarify whether or not a graft is 
occluded. The views are selected according to the native coronary 
segment where the graft inserts. Two perpendicular views are 
required.

Left internal mammary artery grafts
The left internal mammary artery (LIMA) graft is usually prognos-
tically the most important. Selective intubation of the LIMA with 
demonstration of the entire length of the graft and native vessel 
including any lesions and collateral supply is the standard. The 
 origin of the left subclavian artery is usually engaged in the AP view. 

An 0.035‐inch J‐wire is used to lead before the catheter is advanced 
over it to reduce the risk of trauma to the vessels. If difficulty is 
encountered with an abnormal aortic arch, severe tortuosity, or 
 stenosis the following steps can be tried: intubation of the left sub-
clavian may be easier in the LAO view; making use of non‐selective 
contrast injections to delineate the anatomy; using a JR rather than 
an internal mammary artery (IMA) catheter to engage the left sub-
clavian and exchanging it via a 300‐cm J‐wire for an IMA catheter if 
necessary once the catheter is beyond the origin of the LIMA; and 
making use of a 0.035‐inch steerable hydrophilic J‐wire if extreme 
tortuosity is preventing passage of the standard J‐wire. Once the 
catheter tip is near the ostium of the LIMA, the AP view is most 
useful for engagement. If the JR catheter tip appears too horizontal 
during gentle withdrawal or too short to engage the ostium of the 
LIMA, an IMA catheter can be used or sometimes the even more 
acute hook of a Bartorelli‐Cozzi (BC) catheter. Before contrast 
injection—including test injections—it is important to remember 
to check that the pressure tracing does not indicate wedging of the 
catheter tip against the vessel wall. If selective intubation via the 
femoral route proves elusive despite multiple attempts, the left 
radial route can offer a safer alternative. A drawback of the left 
radial route is that right internal mammary artery (RIMA) grafts 
cannot be engaged, although successful intubation of the LIMA via 
the right radial route has been previously described [3]. The first 
angiographic view for the LIMA requires panning from origin to 
the distal LAD. The views that best show the insertions are RAO 
cranial and left lateral. Collateral filling of other vessels should also 
be documented. Intubation to the diaphragm of a pedicle RIMA 
graft follows the same principles as for the LIMA, but with even 
greater care in view of the close proximity of the right internal 
carotid artery.

Coronary variants
Aberrant coronary anatomy occurs infrequently and the preva-
lence of <1.3% is remarkably consistent in different series of 
patients attending for angiography [4]. Some anomalies are easy 
to identify, such as abnormal origin of RCA (Figure 4.5) but oth-
ers can be more subtle, such as anomalous non‐dominant cir-
cumflex (Figure  4.6). The culprit lesion can be missed if the 
aberrant anatomy is not identified (Figures  4.7 and 4.8). 
Systematic review to identify areas of the myocardium for which 
a vascular supply has not been demonstrated is helpful in this 
respect and also for identifying occlusions (Figure 4.8). Once it is 
known which vessel is anomalous, a review of the images can 
identify ghosting of the vessel. If there are no clues as to the ori-
gin, a systematic search starting with the most common variant is 
required. The diagnostic catheter shape needs to be changed as 
required to reach the wall of the aortic root in the area of interest. 
The most common coronary anomaly is an absent LMS. A slightly 
smaller curve catheter is required to intubate the LAD selectively 
(e.g., JL3.5 if JL4 preferentially and exclusively intubates the Cx). 
The Cx arising from the right coronary sinus can often be can-
nulated using the JR4 catheter, but a steep take off can require a 
multipurpose catheter whereas a posterior or high anterior origin 
can require an AR or AL shape. If the RCA arises from the left 
side separately from the LMS an AL1 or multipurpose catheter is 
most likely to be successful.

Once the anomalous coronary vessel has been intubated the 
standard views are often sufficient for the mid and distal vessel if 
the heart has a normal position and orientation (Figures 4.2 and 4.3), 
while the views for the proximal vessel and ostium may need to be 
modified depending on the origin and course.
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Figure 4.6 These views were taken during primary angioplasty performed in a 41‐year‐old male who presented with an acute inferolateral 
myocardial infarction. No antegrade perfusion was evident in the circumflex territory (a to d), although retrograde collaterals to an obtuse 
marginal branch were seen in some views (green arrow, a). The right coronary artery (RCA) was occluded and filled retrogradely via the left 
anterior descending (LAD) (yellow arrow, a and b; d and e). The culprit lesion was in an aberrant circumflex arising from the right sinus (f). 
Following aspiration thrombectomy and stent deployment it was evident that the aberrant circumflex provided the principal collateral supply to 
a chronically occluded dominant RCA (yellow arrow, g).

LAO 40 caudal 18 LAO 48 caudal 35

Caudal 43 RAO 7

(a) (b)

(c) (d)

RAO 35 cranial 29

Figure 4.5 This 80‐year‐old obese female was admitted for angiography following a recent worsening of angina. She had a previous history of 
myocardial infarction. Preceding this presentation her angina symptoms had been stable for many years and were not previously investigated 
with angiography. A coronary ostium could not be engaged at the left aortic sinus. The left anterior descending (LAD), circumflex, and right 
coronary arteries originated from a single right‐sided ostium. The right coronary artery (RCA) (black arrows, a–d) was occluded distally. The left 
anterior descending (LAD) (white arrows, a–c) was critically stenosed proximal to a large diagonal and the circumflex (gray arrows, b–d) was 
critically stenosed mid course. The catheter partially obscures the LAD in (a) and the circumflex in (d).
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Figure 4.7 Optimal angiographic views for specific segments in the circumflex and right coronary are indicated with a green tick mark. Some 
views that may be useful but are not generally recommended are indicated with an orange tick mark and inadequate views with a red cross.
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Chronic total occlusion
Chronic total occlusions (CTO) affect almost 20–30% of patients 
with coronary artery disease undergoing angiography [5,6]. Recent 
advancement in materials such as guidewires, microcatheters, and 
crossing devices has increased the success rate of CTO percutane-
ous recanalization from 50–60% [7,8] to 70–80% [9–11], with peaks 
above 90% for a few highly specialized centers [12–14]. The lack of 
a general consensus regarding the usefulness of CTO recanalization 
together with the difficulty of the procedure have partially affected 
the development of CTO‐PCI in daily practice. Two large registries 
in the USA addressed the benefit of CTO recanalization procedure 
on long‐term survival leading to conflicting results, negative in the 
first [15] and positive only for LAD recanalization in the other [16]. 
However, they both included patients treated with plain balloon 
angioplasty alone suffering from a high percentage of re‐occlusion. 
More recent studies, conducted in the drug‐eluting stent (DES) era, 
showed that successful recanalization is associated with improved 
long‐term survival and reduced need for surgical revascularization 
at follow‐up compared with failed CTO procedure. Moreover, it has 
been recently shown that successful recanalization provided a sig-
nificant improvement in quality of life, with less physical activity 
limitation, rarer angina episodes, and higher treatment satisfaction 
when compared with patients with failed procedure [17]. These 
positive findings have led to a rapid increase in percutaneous CTO 
procedures. However, when approaching these complex interven-
tions the selection of the correct angiographic views, especially 
 during retrograde recanalization, is pivotal.

The correct imaging of a coronary occlusion requires  acquisitions 
in multiple views and the acquisition must be prolonged enough to 
visualize the distal segments eventually filled by collaterals. A dual 
injection performed using low magnification, so that the entire 
coronary tree is visualized, is generally recommended. The  injec-
tions should be performed at the beginning of the procedure 
because wire and catheter advancement might impair the 
 ipsilateral collaterals flow, thus resulting in a collateral or preferen-
tial collateral shift to the retrograde collaterals. Moreover, initial 
careful evaluation of the collaterals provides important information 
in choosing the most appropriate one and alerts the operator to the 
risk for ischemia and hemodynamic or electrical instability if the 
collateral becomes occluded [18]. Coronary collaterals are a net-
work of nascent microvessels, which, in case of coronary occlusion, 
grow in favor of a viable distal myocardium. The most widely used 
method to assess coronary collaterals is angiography using the view 
with the least foreshortening of the collateral connection. 
Collaterals’ anatomic pathways are generally summarized in four 
categories: septal, intra‐arterial (bridging), epicardial with proximal 
take off (atrial branches), and epicardial with distal take off [19]. 
The size of the collateral connection (CC) diameter is classified 
according to Werner et al.: CC0, no continuous connection between 
donor and recipient artery; CC1, continuous, threadlike connec-
tion; and CC2, continuous, small side branch‐like size of the 
 collateral through its course [20].

The treatment of CTO often involves the X‐ray gantry being 
maintained in one working view, with occasional rotation in an 

(b) (c)(a)

(e) (f)(d)

Conventional views:
LAO 49 caudal 30 RAO 38 caudal 27 LAO 39 cranial 32

Modi�ed views to demonstrate ostial LAD lesion:

LAO 60 caudal 50 LAO 90 cranial 15 After stenting

Figure 4.8 This 47‐year‐old male with known coronary disease presented with deteriorating angina and reversible ischemia in the anterior 
territory on perfusion imaging. Conventional views (a–c) raised suspicion of a lesion in the left anterior descending (LAD) ostium due to haziness 
(a) but were limited by overlap at the ostium of the LAD due to unusual tortuosity (a). Unusual modification including a steep spider view and a 
lateral view with cranial angulation were required to delineate the lesion (d, e). The final angiographic result is shown after stenting (f).
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orthogonal and equally fixed view, so the same skin and body seg-
ments are therefore exposed to the majority of the radiation dose. 
Given that, a careful evaluation of radiation‐induced skin injury 
should be performed and the most recent recommendation from 
the EuroCTO consensus document should be strictly followed [21].

Multi‐slice computed tomography can provide additional infor-
mation regarding the plaque characterization, tortuosity, and length 
of the occluded artery. Moreover, 3D reconstruction integrated 
with 2D angiographic images during CTO intervention helps iden-
tify the best projection giving a directional guide for the missing 
angiographic segment [22].

Ventriculography
Knowledge of ventricular function is essential to interpreting the clini-
cal relevance of coronary disease and planning appropriate treatment. 
Many patients have a contemporary assessment of left ventricular func-
tion by non‐invasive testing, which provides  similar or superior defini-
tion of the left ventricular cavity volume and global and regional wall 
motion, with the advantage that most of them can also dynamically 
study wall thickness and tissue characteristics (echocardiography, mag-
netic resonance imaging, nuclear imaging, and multidetector CT), 
when attending for coronary angiography [23]. These modalities pro-
vide more information on the function and morphology of the left ven-
tricle than conventional ventriculography and can obviate the need for 
further assessment. Ventriculography should be performed in the cath-
eter laboratory if left ventricular function has not been assessed 
recently. The RAO view is standard, although an additional LAO view 
could be considered if assessment of the postero‐lateral wall, usually 
supplied by the circumflex, is likely to influence management.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Legend has it that the first coronary angioplasty balloons were 
made by Andreas Gruentzig and his wife in a kitchen. They were 
very bulky, difficult to position as there was no guidewire lumen, 
and too compliant to safely expand resistant lesions in coronary 
arteries. Further understanding and development in manufacturing 
techniques and evolution of materials have reduced the profile of 
angioplasty balloons while increasing their robustness, deliverabil
ity, reliability, and safety profile. Similarly, workhorse guidewires 
have been developed with improvements in torque and force trans
mission while having more durable and less traumatic but shape
able tips. Specialty guidewires have been developed for the treatment 
of specific lesion types including chronic total occlusions. A wide 
range of guide catheters, guidewires, and angioplasty balloons are 
now available, and continue to evolve to overcome variations in 
anatomy, changes in vascular access, and evolution in technique. 
The appropriate selection and safe and optimal use of these devices 
can reduce procedural time and increase procedural success and 
safety with hopes of improving clinical outcomes.

Guide catheter selection
Functional design of modern guide catheters
Guide catheters permit safe intubation of the coronary ostia, accurate 
hemodynamic monitoring, injection of contrast, and passage of guide
wires, balloons, and stents. The clinical, anatomic, and angiographic 
scenario must be considered when selecting the size, shape, and length 
of a guide catheter. Modern catheters have a soft tip to reduce the risk 
of vessel trauma during intubation or manipulation. The wall consists of 
an outer layer which retains a predefined curve and increases shaft 
stiffness to provide backup support during intervention, a middle layer 
of wire braid to increase kink resistance, improve torque transmission, 
and shaft radiopacity, and a smooth lubricated inner layer to facilitate 
the transit of equipment. Guide catheters have thinner walls than diag
nostic catheters to increase inner lumen size and can be easily damaged 
by excessive rotation (Table 5.1).

When difficulty is encountered in engaging the coronary ostia, 
one must first consider whether the guide catheter shape is appro
priate. The use of a supportive 0.035 inch guidewire within the 
catheter can facilitate manipulation. Similarly, deep inspiration by 
the patient can facilitate coronary intubation. In the case of exces
sive vascular tortuosity or calcification, the use of a peripheral 

sheath long enough to straighten the most tortuous arterial seg
ments can improve guide catheter maneuverability. The optimal 
view for left and right coronary intubation is the left anterior 
oblique because in most patients it offers the least superimposition 
of the coronary ostia with the left and right aortic sinuses.

Size requirements
The advantages and disadvantages of smaller and larger catheter sizes 
are listed in Table 5.2. Routine angioplasty using 5 French (Fr) guid
ing catheters may be ideal when direct stenting is planned, but not all 
stents are deliverable through a 5 Fr guide and most bifurcation tech
niques are not applicable [1]. The general standard is a 6 Fr (2.00 mm 
external diameter) guide catheter which permits radial access, allows 
active engagement (“deep seat”), accommodates two modern rapid 
exchange balloons or a 1.50 or 1.75 mm rotational atherectomy burr, 
and uses less contrast than larger catheter diameters. For bifurcation 
techniques requiring the simultaneous insertion of two stents (Crush, 
V stenting), 7 Fr (2.33 mm diameter) guides are required. These are 
necessary for advanced techniques that require two over the wire 
(OTW) catheters and facilitate the insertion of rotational atherec
tomy burrs greater than 1.75 mm. For rotational atherectomy burrs 
greater than 2.0 mm in diameter and complex techniques requiring 
multiple wires, balloons, and/or stents, 8 Fr (2.66 mm diameter) 
guides are used. The use of guide catheters greater than 8 Fr is 
extremely rare in contemporary  coronary intervention.

Shape relection
Selection of guide catheter shape is critical to allow positioning of 
the catheter coaxially with the proximal segment of the artery, to 
reduce the risk of catheter‐induced vessel trauma, and optimize 
support during intervention. When selecting the shape of the cath
eter, the following factors should be considered: the curve and fit of 
the diagnostic catheter; size of the aortic root; origin and take off of 
the artery; location and complexity of the lesion; and the devices 
likely to be utilized during intervention.

Shape selection for the left coronary system
Shapes for commonly used guide catheters for the left coronary 
 system are shown in Figure 5.1. The curve sizes of different shapes 
have been largely standardized and the comparable curve sizes used 
most commonly are shown in Table 5.3.
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For the left coronary artery, catheters with a smaller curve will 
point upward and selectively engage to left anterior descending 
(LAD) and a larger curve will selectively engage and provide better 
support for the circumflex. The tip of Amplatz Left (AL) guides 
tend to point downward and are useful to selectively engage the 
 circumflex in situations where there is a short or absent left main.

The shape of the guide catheter is an important component of 
the backup or support system that allows delivery of devices to 
the  target lesion. Changing the guide catheter to improve support 
in the middle of a procedure can be problematic, and therefore 
careful consideration of guide support prior to intervention is 
critical. It is also important to appreciate that selection of a guide 
with optimal backup may obviate the need for stiffer wires or bal
loons, with a corresponding reduction in cost and procedure 
time. Although Judkins Left (JL) curves are commonly used for 
diagnostic intervention, these guide shapes provide less support 
than “backup” guides which provide contralateral aortic wall 

support such as the XB, EBU‐, or Q‐type curves. Because of the 
secondary curve on the JL, the tip may be withdrawn from the 
coronary ostium when resistance is encountered. XB/EBU/Q/
Voda or similar curves provide comparatively more support with 
minimally increased risk of damage to the coronary ostia. AL 
curves are required in certain situations, but should only be used 
by experienced operators in view of the increased risk of iatro
genic dissection. Techiques to obtain support other than the 
 passive support allowed by the guide catheter shape are discussed 
later in this chapter.

Shape selection for the right coronary system
Shapes and sizes of commonly used guide catheters for the right 
coronary system are shown in Figure 5.2. The take off of the right 
coronary artery tends to vary more than that of the left coronary. If 
the take off is transverse, the most commonly used guide would 
probably be a Judkins Right (JR) 4. With a superiorly directed take 
off, a JR, Hockeystick, EBU‐R, or Amplatz R or L are more suitable. 
Inferiorly directed take offs can be cannulated with a multipurpose 
or SLS catheter. Although the JR shape does not provide much 
active support, the guide can often be actively engaged more deeply 
to augment support if required via “deep seating” by advancing and 
clockwise rotating the guide.

Length
The standard length of a coronary guide catheter is 100 cm. 
Occasionally, shorter lengths (85 or 90 cm) are required to reach for 
distal lesions (e.g., lesions reached via the left internal mammary 
artery (LIMA), sequential saphenous vein grafts (SVGs), or retro
grade approach to chronic total occlusions (CTO)). Longer lengths 
(110–115 cm) are required for unusually tall patients or severely 
tortuous aorto‐iliac vessels. The use of a long sheath and of longer 
balloon catheters (>145 cm) has partially overcome this problem 
but stent delivery catheters remain 135 cm.

Side holes or not?
Side holes help to maintain coronary perfusion when there is the 
likelihood of ostial obstruction by the guide catheter that results in 
pressure dampening. This can occur when using a larger guide 
caliber, in the presence of aorto‐ostial disease, non‐coaxial engage
ment, and in small caliber arteries encountered in smaller patients. 
Side holes can reduce contrast opacification of the arteries with a 
consequent reduction in image quality and increased overall con
trast dye utilization. The persistence of aortic pressure morphology 
can mask severe catheter‐induced pressure dampening which is of 

Table 5.1 Guide catheter inner lumen size by manufacturer and outer lumen size.

Guide/manufacturer

Outer lumen size (French)

5 6 7 8

Launcher/Medtronic Inner lumen (in) 0.058 0.071 0.081 0.090

Vista Brite Tip/Cordis 0.056 0.070 0.078 0.088

Mach1/Boston Scientific NA 0.070 0.081 0.091

Viking/Guidant Abbott NA 0.068 0.078 0.091

Wiseguide/Boston Scientific NA 0.066 0.076 0.086

Table 5.2 The advantages and disadvantages of smaller versus larger 
catheter diameters have to be weighed when selecting catheter size.

Smaller diameter Larger diameter

Advantages

Smaller puncture Increased torque

Small vessel access Increased support

Less traumatic radial access Improved visualization

Allows deeper engagement 
without significant damping

Allows two balloon/stent strategy

Disadvantages
Less torque Larger puncture: increased access 

site trauma /recovery time

Reduced visualization Pressure damping

Less support Increased contrast use

Difficult or impossible to use two 
balloon/stent strategy
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importance for measuring fractional flow reserve and may not 
always protect from hydraulically induced vessel dissection [2].

Variation in access site
The same guide catheters can be used for transradial access as well 
as transfemoral access. Dedicated transradial guide catheters 
include the Barbeau, Ikari, and brachial/radial curves. Such curves 
can be used for access to either the left or right coronary system and 
provide support against the contralateral aortic wall (Figure 5.3).

Vein grafts
Both right and left‐sided vein grafts with a transverse origin can 
often be cannulated with a JR4 guide catheter; however, guide sup
port can be suboptimal. If the vein graft points downwards (inferior 
or vertical such as often for right coronary artery (RCA) grafts), 
coaxial engagement may be difficult with a JR guide. A multipur
pose or RCB guide is usually coaxially aligned when the take off is 
inferior and would also offer good support if required. Left‐sided 
vein grafts lesions can also often be attempted with a JR guide or, if 
more support is needed, with an Amplatz or Hockeystick guide 
catheter. If the ascending aorta is large or dilated, a guide with a 
more pronounced secondary curve is frequently required such as 
the left coronary bypass (LCB) or an Amplatz shape may be selected.

Left and right internal mammary arteries
Although the LIMA can often be reached with a JR guide, the more 
acute primary angle and longer tip of an internal mammary artery 
(IMA) guide may be required. Short‐tip hook‐shaped IMA cathe
ters can occasionally be required to intubate a very steep take off 
angle. Sometimes, because of subclavian stenosis or extreme tortu
ousity, the IMA can only be selectively cannulated via the left radial 
approach.

Gastroepiploic artery grafts
In an attempt to simulate the longevity of IMA grafts and over
come the problem of reaching the distal RCA, the gastroepiploic 
artery (GEA) is sometimes used as an in situ graft to the posterior 
or inferior surface of the heart (RCA, posterior descending artery, 
posterior left ventricular) [3]. The GEA can be cannulated using 
catheters designed for abdominal vascular intervention such as 
Cobra or Simmons catheters [4]. The celiac trunk is accessed from 
the abdominal aorta in the direction of the common hepatic artery 
(the other branch being the splenic artery) (Figure 5.4). The gastro
duodenal artery arises in an inferior direction and gives off the 
pancreatico‐duodenal branch beyond which it becomes the GEA, 
which passes through the diaphragm to reach the inferior wall of 
the heart (Figure 5.4). Anastomotic stenoses require percutaneous 
treatment [5].

Support
Complex anatomic situations including tortuosity, calcification, or 
diffuse atherosclerosis frequently require escalating degrees of 
backup support. The components of the “backup” support intrinsic 
to an angioplasty system includes the guide catheter, guidewire(s), 
and balloon(s) in the target artery. The components can be changed 
individually or in combination as demanded by the difficulties that 
are encountered. Hybrid strategies using more complex wire and/or 
balloon‐based techniques are sometimes required to overcome 
more challenging anatomy.

Guide catheter support
The role of shape selection has been discussed. Guide catheter sup
port is either passive or active. Passive support is provided by a large 
diameter catheter positioned optimally in the coronary ostium 
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Figure 5.1 Shapes of a selection of guide catheters for the left coronary system.

Table 5.3 Comparability of curve sizes for different shapes of left sided guide catheters.

AL (Amplatz) Curve CLS or XB Curve JL (Judkins Left) Curve Q Curve VL (Voda Left) Curve

Normal AL 1 XB 4.0 or 3.5 JL 4 Q 4 VL 4

Dilated AL 2 XB 4.0 or 4.5 JL 4.5 Q 4.5 VL 5

Narrow AL 0.75 XB 3.0 or 3.5 JL 3.5 Q 3.5 VL 3
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whereas active support is provided by judiciously advancing a small 
diameter catheter to deeply intubate an epicardial artery.

Passive support
Although 6 Fr guide catheters are successfully used for most cases 
of angioplasty, larger catheters are required when complex lesions 
are encountered such as bifurcation stenting or CTO [6] (Figure 5.5).

Active support
Guide catheters smaller than 6 Fr can be advanced over the guide
wire and balloon catheter shaft to sub‐selectively engage the proximal 
or mid segment of an artery (Figure  5.5). This technique is also 
referred to as active engagement or “deep seating” of the guide cath
eter. The risk of damage to the artery can be minimized by ensuring 
that the catheter is advanced coaxially over a balloon already inside 
the vessel. Stabilization of the system while advancing the guide 
catheter is sometimes required and can be achieved by inflating a 
balloon within the artery. When considering the use of active sup
port, it is important to bear in mind that deep engagement of large 
arteries can cause profound ischemia. The use of side holes may not 
prevent and may even delay detection of catheter‐induced ischemia. 
A further risk is that of air embolism following aspiration through 
the Y‐connector while the back pressure in the guide catheter is 
reduced as a result of damping inside the artery. Despite these risks, 

for a skilled operator capable of rapidly advancing and withdrawing 
catheters, active support offers an efficient solution in most cases.

Hybrid support
Several additional strategies have been described based upon the 
concept of inserting an additional device, wire, balloon, or other 
catheter specifically to augment support when active and/or passive 
support of the guide catheter proves insufficient (Figure 5.6).

Wire support
The buddy wire technique refers to the passage of a second or 
third guidewire distal to a target lesion to provide additional support 
for delivery of angioplasty equipment. This is a commonly used 
strategy for crossing difficult lesions with a balloon or a stent [7]. 
The additional wire provides a rail that facilitates advancement 
across calcification, tortuosity, or recently deployed stents. The 
wire facilitates active engagement of the guide catheter and can 
straighten tortuosity when a supportive wire is used. This tech
nique is also the first essential step for the distal anchor balloon 
technique. Although it can at first appear to be counterintuitive, 
advancing an additional wire into a branch that lies proximal to 
the target lesion may increase support only slightly, but suffi
ciently to allow passage of a balloon, stent, or additional wire 
along the first wire into the tortuous distal vessel (Figure 5.6) [8]. 
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Figure 5.2 Shapes of commonly used guide catheters for the right coronary system.

Radial/Brachial curve Brachial curve

Figure 5.3 The Barbeau and radial/brachial curve catheters can be used via the radial route and have a “one size fits all” design for intervention 
to either the left or right coronary systems. (Diagram courtesy of Cordis International.)
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The risks of deep engagement or the delays and potential diffi
culties of upgrading the guide catheter can then be avoided. 
A  floppy, steerable wire can advance easily and be exchanged 
using an OTW catheter for a wire with a supportive shaft but soft 
flexible tip. The use of stiff hydrophilic wires as a “buddy wire” is 
discouraged because of the risk of perforation. Occasionally, 
if  support from the guide and an additional wire still proves 
insufficient, additional techniques are needed and are delineated 
subsequently.

Anchor balloon technique
Inflation of an adequately sized balloon at low pressure (3–6 atmos
pheres) in a proximal branch can augment support by anchoring 
the guide catheter to the vessel and the branch (Figure 5.6) [9]. Low 
inflation pressures are essential to reduce the risk of dissection or 
damage to a small right ventricular branch or diagonal/marginal 
branch. In these branches, ischemia resulting from prolonged infla
tion is well tolerated. The technique is mostly used in treating CTO 
and requires a large guide catheter.
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Figure 5.4 Vascular anatomy of a pedicle graft of the right gastroepiploic artery to right coronary artery.
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Figure 5.5 Approaches to increase guide catheter support for treating complex lesions.
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Another strategy that can be tried when a buddy wire does not 
resolve problems in tracking a stent to a target lesion because of 
tortuosity or calcification of the proximal segment, is to advance 
over the buddy wire a balloon optimally sized to match the diame
ter of the distal vessel (Figure 5.6). The balloon is positioned distal 
to the lesion and inflated at low pressure allowing enough space for 
the stent to be fully advanced across the target stenosis. It is impera
tive to remember that the distal anchoring balloon must be deflated 
and removed before the stent is deployed. In addition to providing 
extra support, the shaft of the distal balloon also acts as a rail to 
facilitate stent advancement. The operator needs to be experienced 
enough to anticipate when the force required may detach the stent 
from the balloon. Additional strategies can then be considered such 
as the need for better lesion preparation or the insertion of a  sub‐
selectively engaged guiding catheter around the most tortuous 
 segment, using the guide already in place or a 5 Fr in 6 or 7 Fr strategy 
as outlined in the next section (Figure 5.5).

Adjunctive techniques
Double coaxial guiding catheter technique (also known 
as mother–child)
By placing one guide catheter inside another, the advantages of the 
passive support provided by a large guide catheter are combined with 
the ability to actively engage the smaller catheter into the target vessel 
(Figure 5.5) [10]. Compatibility of different guide catheter lengths and 

diameter is a limiting factor. Mainly a 6 Fr, 110 cm long “child” guide 
catheter is combined within an 85 or 90 cm 7 or 8 Fr “mother” guide 
catheter. A greater difference between the lengths of the “mother” and 
“child” catheters, however, enables more flexibility because it permits 
further advancement of the “child” catheter into the artery. The 
“mother” catheter shape is selected to cannulate the ostium of the tar
get vessel and is inserted first. In contrast, a straight “child” catheter, 
with a soft atraumatic tip, is desirable. If an unusual shape is required 
for the “mother” catheter that is not available in a short length, the 
solution is to cut the distal end of a 100 cm guiding catheter of the 
selected shape and insert within it a smaller valved sheath. Leakage 
from an insufficiently tight seal can affect the quality of contrast injec
tions. A further risk is the potential for air trapping within the sheath 
and subsequent inadvertent intracoronary air embolism.

This is an advanced technique that has been used for treating 
CTO, but may very occasionally also be useful in other situations 
where a very high level of backup is required, such as when one 
encounters extreme coronary tortuosity often combined with calci
fication. It may also be useful for example when a 7 or 8 Fr guide is 
too large to engage ostial disease or a critically diseased vessel and 
other situations where deep engagement of the guide is undesirable. 
The smaller guide can then be engaged into the vessel ostium, 
whereas the larger guide adds passive backup to the system. Relative 
adjustments of the positions of the two guide tips can help to 
achieve optimal orientation of the tip of the “daughter” catheter. 

Secondary Primary

Secondary Primary

Secondary Primary

Figure 5.6 “Intraluminal” hybrid support techniques that can be used to substantially augment guide catheter support when treating complex 
lesions.
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When using this technique care has to be taken not to damage the 
proximal arterial segment.

Guide catheter extensions
Over the past few years technology evolution has allowed the intro
duction of new devices, called guide catheter (GC) extensions, 
 specially designed to address the problem of support in the treat
ment of unfavorable tortuous coronary anatomy and complex, 
heavily calcified, and often distally located lesions, which otherwise 
may have been considered unsuitable for percutaneous coronary 
intervention (PCI). GC extensions include early OTW devices such 
as 5 Fr‐in‐6 Fr Heartrail II® and 4 Fr‐in‐6 Fr Kiwami® catheters 
(Terumo, Tokyo, Japan), and more recent rapid exchange 
GuideLiner® (Vascular Solutions, Maple Grove, MN, USA) and 
Guidezilla™ (Boston Scientific, Marlbourough, MA, USA).

The Heartrail II® “five‐in‐six catheter system” comprises a flexible‐
tipped, long (120 cm) 5 Fr catheter advanced through a standard 6 Fr 
guiding catheter to deeply intubate the target vessel. This system uses 
the target vessel itself to provide the extra backup support required for 
stent delivery. Furthermore, the absence of a primary curve and the 
flexibility of its tip permit the “child” catheter to remain coaxial with 
the target vessel, thereby minimizing the risk of catheter‐induced 
 coronary dissection. Use of this system has been shown to be useful in 
the treatment of CTO cases where such increased backup support is 
important. However, its use requires removal of the Y‐connector, 
making the procedure more demanding [11].

Kiwami® 4 Fr‐in‐6 Fr catheter measures 120 cm, 1.43 mm (outer 
diameter) 1.27 mm (inner diameter); the inner layer is coated with 
polytetrafluoroethylene (PTFE) and the surface is coated with a 
hydrophilic surface up to 15 cm from the tip of the catheter. The back‐
stream prevention valve (Terumo) is connected to the guide catheter 
of 6 or 7 Fr. The conventional Y‐connector is attached to Kiwami® 
(child) which was inserted in the 6 or 7 Fr (mother) catheter. Because 
the effective length of Kiwami® is 120 cm, the  projected length from 
the mother catheter differs depending on the length of mother cathe
ter used [12]. While the 4 Fr‐in‐6 Fr Kiwami® catheter probably is the 
most deliverable among the GC extensions, it has the smallest lumen 
(0.050 inch) and has the highest risk of air embolism [13].

The GuideLiner® catheter is a coaxial device mimicking the 
“mother–child” technique. The device is mounted on a monorail 
system, which extends the guide catheter and enables deep 
 intubation of the coronary artery to achieve extra support and 
improve coaxial alignment. It has a distal end of 20 cm, consisting of 
a flexible extension with a radiopaque marker situated 2.7 mm from 
the tip and a coaxial exchange system 20 cm from the tip, joined to 
a 125 cm compact metal hypotube by means of a ring (“collar”, made 
of metal in the first version and replaced by a lubricious polymer in 
the V2 version), which can be deployed through the existing Y‐
adapter for rapid exchange delivery. The device is available in three 
sizes: 5‐in‐6 (0.056 inch internal diameter (ID)), 6‐in‐7 (0.062 inch 
ID), and 7‐in‐8 (0.071 inch ID). Its monorail design permits rapid 
exchange and offers important advantages over its predecessors, the 
“five‐in‐six mother and child” catheters Heartrail II®, which had a 
coaxial system that made their utilization more demanding [11]. 
Furthermore, rapid exchange helps with deployment through the 
existing hemostatic valve without extending the guiding catheter 
length, and so does not limit the useable length of balloons and 
wires. De Man et  al. [14], published results from the Twente 
GuideLiner Registry identifying three primary indications for the 
use of the device: improvement of back‐up and facilitated stent 
delivery (59%), more selective contrast injection (13%), and 

improvement of alignment of the guide (29%). Morever, they found 
a device and procedural success rate of 93% and 91%, respectively, 
without major complications and a small incidence of minor com
plications (3%). The safety and efficacy of utilizing the GuideLiner 
monorail catheter to treat complex lesions was confirmed in a 
recent experience published by Chang et al. showing good perfor
mance of the device in the settings of bypass graft intervention, 
bifurcation lesions, and chronic total occlusions. On the basis of the 
presented data, the authors suggested the following tips and tricks 
for a safe and effective use of this device:
• In case of non‐coaxial alignment of the coronary ostium and 

extreme proximal vessel tortuosity (e.g., the “shepherd’s crook”), 
a balloon inflated distally can be used to “attract” the GuideLiner 
and facilitate intubation of the coronary artery.

• The placement of a balloon that can also be used for lesion predila
tation (i.e., matching the diameter of the target artery or slightly 
undersized) prior to intubation with the GuideLiner is always rec
ommended (to improve support and to reduce the chance of dam
aging the ostium and the proximal vessel by acting as centering rail).

• The positioning of the transition zone of the GuideLiner in a 
straight part of the descending aorta rather than at the aortic arch, 
typically by gently withdrawing and rotating the GuideLiner helps 
in avoiding occasional difficulties in the advancement of coronary 
stents across the rapid exchange transition zone. This problem was 
solved, in the last verison of the device GuideLiner catheter (V2), 
by replacing the metal transition zone with a lubricious polymer.
The most recent GC extension available on the market is the 

Guidezilla™. The device is mounted on a monorail system, which 
extends the guide catheter and enables deep intubation of the 
 coronary artery. It is made of a distal end of 25 cm covered by a 
hydrophilic polymer, joined to a 120‐cm compact metal hypotube. 
The distal flexible extension consists of a pair radiopaque markers, 
the first situated 2 mm from the tip and the second 3 mm from the 
transition collar. The device is available in one size 5‐in‐6 and 
 compatible with guide catheter ≥6 Fr.

Guidewire selection
Guidewires are required to cross the target lesion and to provide 
support for the delivery of balloons, stents, and other devices while 
at the same time minimizing the risk of vessel trauma. A guidewire 
needs to be steerable, visible, flexible, lubricious, and supportive. 
There is no single wire that has the perfect combination of these 
characteristics for all situations. Variation in guidewire components 
have produced a wide range of wires. Wire selection depends on 
which characteristics are thought to optimally facilitate angioplasty 
for a given clinical and angiographic scenario.

Guidewires typically come in two basic lengths ranging from 
180–195 cm for rapid exchange (Rx) use to 300 cm for OTW use. 
They consist of a central core of stainless steel or nitinol alloy that 
makes up the proximal section of the wire, approximately 145 cm 
long, and which tapers toward a distal tip, a distal section measur
ing 35–40 cm has a further outer covering of either a fine coil spring 
consisting of tungsten, platinum or stainless steel, or a polymer 
coating loaded with a material such as tungsten to improve radi
opacity, and the tip often has a lubricious coating that is either 
hydrophobic or hydrophilic (Figure 5.7). Using stainless steel as the 
core material improves the steerability and torque control, but steel 
wires can be deformed by tortuosity and cannot be reshaped. 
A nitinol core also offers excellent torque control, but the wire will 
retain its shape and can be reshaped if deformed. Increasing the 
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core diameter increases shaft support (Figure 5.8). There is often a 
short transition zone between the tapered distal segment whereas 
some wires have a very gradually tapering central core, which tends 
to track better around tortuous anatomy and prolapse less when 
there is extreme angulation (Figure 5.8). Features of the functional 
design of guidewires are listed in Table  5.4. Guidewires can be 
 classified into general purpose or “workhorse” and dedicated wires 
(Table 5.5).

Workhorse guidewires typically possess soft tips, but the 
amount of shaft support varies (Table 5.5). Although some wires 
have  preshaped tips, the tip stiffness can be increased by heating 
during the preshaping process so the angle may not match the 
anatomy. Guidewire shaping can be achieved in many ways 
including curling the shaping ribbon of the wire over the side of 
the introducer needle, advancing the wire through the introducer 
tip and bending it gently outside of the introducer needle tip, or 
curling it with a  finger. It does not matter which method is used to 

shape the wire tip, provided that it is done without damaging the 
wire. As a result, preshaping rarely offers an advantage except per
haps for polymer‐coated wires, which can be difficult to shape, or 
in the case of  certain CTO wires. When shaping the tip of a wire, 
the primary curve should match the greatest angle to be negoti
ated, whereas the secondary curve is chosen to match the size of 
the vessel (Figure 5.9).

Hydrophilic wires are not recommended as a first choice for 
 general purpose use, because the highly lubricious tip can easily 
slip beneath a plaque and create a dissection during insertion. 
These wires also have a higher tendency to migrate distally and 
increase the risk of perforation, give less tactile feedback, and 
have lower visibility. Highly tortuous vessels require a flexible 
lubricious wire in the first instance (e.g., BMW Universal, 
WhisperMS, Choice floppy), which can then be exchanged via an 
OTW balloon for a more supportive wire (e.g., Choice extra sup
port, Mailman, Ironman, Grand Slam, Platinum Plus). When 
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• Polymer sleeve

Extension: DOC.
Cynch, AddWire

Total length - 195 or 300 cm

Distal section: 40 cm Proximal section: 135 cm

Figure 5.7 Components of guidewire design.
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Eccentric design

Transition
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Guidewire exit port Outer
body
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body

Transition
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Guidewire lumen starting from exit port in
distal shaft to ori�ce in the tip of the balloon
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Shaft

or

En
la

rg
ed

Distal
Shaft

Balloon Tip

Figure 5.8 The components of a rapid exchange balloon catheter.
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additional support is required, guidewires can be exchanged for 
those with greater shaft support if required or, more frequently, a 
second wire can be placed alongside the initial wire to facilitate 
equipment passage. This so‐called “buddy” wire can behave as 
an additional as previously discussed.

The handling characteristics of different wires vary substan
tially and even the same wire can have a very different “feel” 
under  different circumstances. For example, wires frequently 
perform  differently and offer different tactile feedback in more 
complex lesion subsets including those with diffuse disease with 
heavy calcification or angulation. Inexperienced operators often 
progress more confidently by becoming familiar with one 

workhorse wire used for most cases. Nitinol wires are more for
giving and can be reshaped. An important principle is never to 
push when the wire bends or buckles, but rather to withdraw and 
rotate before gently re‐advancing it. Learning how to exchange a 
wire using OTW balloons or microcatheters is an essential skill 
before tackling complex lesions. More complex angioplasty will 
also provide an opportunity to gain familiarity with an expanded 
range of wires.

Dedicated wires for treating CTO have stiffer tips. Tip stiff
ness is measured in grams of forward pressure required to flex 
the tip. Specialty wires are listed in Table 5.5 and are discussed in 
other chapters. Over the last two decades, technologies used for 

Table 5.4 The selection of a guidewire depends on the characteristics required to deal with lesion complexity or particular vessel characteristics. 
The characteristics of guidewires can be altered by modifying specific components during the production process.

Flexibility Flexible wires can better negotiate severe 
tortuosity or angulation without deformation

Shaft core material (nitinol offers greater flexibility and shape 
retention), core thickness (thinner core = more flexible)

Support Improved equipment delivery when 
hampered by angulation, tortuosity, lesion 
severity, calcification

Shaft core material, core thickness

Steerability is a function of:

• torque 
transmission

1 : 1 transmission of torque to the tip is the 
ideal

Core materials are chosen for having good torque transmission, 
which is also improved by a thicker core with more gradual distal 
taper

• tip shape ability Importance increases as lesion complexity 
increases

Nitinol is more difficult to shape, but can be reshaped; steel is 
easier to shape but can be ruined by being deformed

Lubricity Can ease wire passage in tight, calcified, 
severely tortuous lesions

Tip or distal segment coating with silicon, hydrophilic coating, or 
polymer coating: “plastic jacketed” wires are the most lubricious 
but also the most dangerous; when combined with a stiff tip long 
dissections can be inadvertently created:
• hydrophilic requires water for activation
• hydrophobic does not require water for activation, allows 

feedback from distal tip so that excessive friction when creating 
a subintimal dissection or going below stent struts can be 
detected

Tendency to 
prolapse

Can be important when negotiating angles 
>75°

A gradually tapering core with a smooth transition toward the tip 
improves support and tracking around bends; abrupt tapers and 
floppy cores are more likely to prolapse

Visibility The level of visibility becomes more 
important in obese patients or when angled 
working views are required

Lubricious polymer‐coated nitinol wires can be difficult to see, 
platinum, steel, or tungsten markers at distal tip

Tactile feedback Provides the operator with essential non‐
visual information, allows “palpation” of the 
lesion at the distal wire tip

Hydrophylic wires provide poor tactile feedback; hydrophobic 
wires provide more feedback

Tip stiffness A soft gentle tip is essential for all 
“workhorse” wires; to reduce the risk of 
vessel trauma; stiffer tips are required for 
dedicated CTO wires

More gradual distal taper, distal core material (e.g., high tensile 
steel)
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CTO recanalization have emerged with the production of wires 
specially developed to satisfy the demands of operators involved 
in this challenging field. The development of new interventional 
recanalization techniques has been followed by a concomitant 
increase in the number of specialized wires, mostly produced by 
Asahi (Asahi Intecc, Japan) for specific applications:
• Drilling technique (Miracle family)
• Penetration techinique (Conquest family)
• Sliding technique (Fielder family)
• Deflection and rotation techniques (Gaia family).

In particular, the development over the last 5 years of the new 
Sion (Sion, Sion Blue, and Sion Black, Asahi Intecc, Japan) and Gaia 
wire families (first, second, and third, Asahi Intecc, Japan) have 
expanded the interventional toolbox for CTO. The Sion wire is cur
rently the gold standard for epicardial collateral tracking, because of 
its unique trackability which enables the wire to follow most col
lateral bends. Using this innovative wire, epicardial connections are 
successfully utilized in almost 35% of retrograde cases in contem
porary series from Japan [15,16]. It uses a composite core technol
ogy that includes multiple wire components to enhance durability 
and torque transmission. The tip of the wire can be shaped and 
 successfully retain its shape through collateral tracking. This tech
nology allowed the introduction in contemporary CTO practice of 
new interventional strategies such as the septal “surfing” technique, 
which utilizes septal collateral connections between the left and 
right coronary arteries. A polymer jacketed soft guidewire, tradi
tionally the Fielder FC wire and more recently the Sion Black wire 
with composite core technology, is advanced to the septal branch 
supported by a microcatheter. The wire is steered toward the septal 
branch and kept in constant motion, forward and backward, in an 

attempt to engage the distal true lumen of the occluded epicardial 
artery. Septal “surfing” is the norm for investigating septal connec
tions and is further reviewed elsewhere in this book. While wire 
“exits” or microperforations occur frequently, they rarely result in 
clinical sequelae. Nevertheless, because of technical complexity, 
septal surfing should only be used by operators considerably expe
rienced in the retrograde approach.

Gaia wires also feature the composite core technology. They 
present a unique trackability and 1/1 guidewire motion. These 
wires allowed a new approach to the manipulation of a CTO, with 
the “rotation and deflection” principle, representing a break
through in these complex lesions. The wires are preshaped and do 
not lose their shape while being rotated through the body of the 
occlusion. Their application remains primarily in the complex 
CTO subset.

Balloon catheters
Balloon catheters remain an important tool in interventional cardi
ology despite the advent of adjunctive devices such as stents. When 
Gruentzig first introducted coronary angioplasty balloons, the 
 correct choice of balloon diameter and length, compliance, pres
sure, and duration of inflation were the key ingredients for a suc
cessful PCI and reflected the experience and quality of individual 
operators. However, in today’s era of direct stent deployment, some
times without pre‐ or post‐dilatation, high quality angioplasty tech
nique has been minimized. Nevertheless, the experienced operator 
recognizes that balloon angioplasty confers not only important 
acute gain, but also assists in estimation of lesion diameter and 
length for the selection of stents, can facilitate exchange after wire 

Maverick 0.038″ 0.034″ 0.033″ 0.026″ 0.018″

3.0 × 20 mm
Test length

 Balloon junction
(prox. seal OD)

Proximal
shoulder (2/3)

Distal
pro�le (1 mm)

Tip seal
(xing pro�le)

Tip entry
pro�le

Tip
I.D.

Cross Sail 0.037″ 0.031″ 0.031″ 0.024″ 0.019″ 0.0155″
0.0156″

Figure 5.9 Distal tip styles and components contributing to the crossing profile of balloon catheters.
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crossing (OTW), and holding the guide catheter in place when 
greater support is required (anchor balloon in side branches or 
proximal–distal to the lesion in the main vessel). Moreover, with 
the advent of drug‐coated balloons, angioplasty balloons are again 
able to deliver more than acute gain from vessel dilatation, but also 
deliver adjunctive pharmacotherapy to mitigate neointimal hyper
plasia and reduce restenosis.

Anatomy of a balloon catheter
The anatomy of an angioplasty balloon from proximal to distal con
sists of a hub, a proximal shaft, and a distal shaft. It has a cylindrical 
body with proximal and distal conical tapers and a distal tip 
(Figure 5.10). Early balloon catheters had a fixed wire proximal to 
the balloon, as dual lumen catheters were typically bulky and diffi
cult to advance into the coronary circulation. Contemporary bal
loon catheters are dual lumen with separate ports for the guidewire 
and balloon inflation. OTW balloons have a lumen for the guide
wire extending along the length of the catheter, a feature very useful 
and sometimes essential for procedures requiring wire exchange 
without re‐wiring a vessel such as in the treatment of CTO, crossing 
of very tortuous lesions, advancement of poorly steerable wires 
such as those for rotational atherectomy. The principle of the 
Monorail or rapid exhange technique is that the wire lumen is lim
ited to a short segment (20–30 cm) at the distal tip which allows the 
rapid exchange of balloons with no need for long wires or wire 
extensions. The shaft of the catheter only contains a lumen for bal
loon inflation and deflation (i.e., can be thinner) and often consists 
of a reinforced hollow metal tube providing great pushability. OTW 
balloons are typically touted for their superior support but require 
two operators for optimal control, whereas monorail systems domi
nate the market and permit a single operator to control all devices.

The parameters considered when selecting a balloon are balloon 
diameter, length, and compliance, although occasionally the shaft 
diameter, length, and crossing profile are also important  considerations 
(e.g., bifurcation techniques using smaller bore guides, retrograde reca
nalization of CTO, very tall patients, extreme tortuosity, or target lesion 
distance from the access site as in peripheral vascular interventions).

Balloon diameter is normally selected to match the vessel size 
with balloon to artery ratios of 1 : 1 in general. Vessel size can 
be measured using quantitative coronary angiography (QCA) 

or intravascular imaging such as intravascular ultrasound 
(IVUS) or  optical coherence tomography (OCT). Aiming for 
a balloon to reference vessel ratio of 0.9 : 1.1 is typical. For pre
dilatation, “undersizing” may be acceptable whereas for post‐
dilatation balloon to vessel ratios are typically >1 : 1. For long 
tapering lesions, the diameter of the vessel at the distal end of 
the segment to be dilated is typically used as the reference vessel 
diameter for balloon selection. An appropriately sized balloon 
for postdilatation is a critical step to achieve better expansion 
and apposition when the initial balloon deployment fails, 
despite the high pressures allowed by modern stent delivery 
balloons, to fully expand the stent.

Balloon length is selected depending upon lesion and stent 
length. Especially after the introduction of drug eluting stents 
when the principle is to avoid injuring segments that will not be 
covered by stents, a situation known as geographic miss, smaller 
balloons tend to be used for predilatation, just aiming to create a 
passage for stent insertion and exclude the presence of truly 
undilatable lesions [8]. Postdilatation balloons should be shorter 
than the stent and short balloons are recommended for postdilat
ing resistant lesions.

The first angioplasty balloons were composed of flexible 
poly vinyl chloride (PVC), a material characterized by great 
compliance. Subsequent generations were made of cross‐linked 
polyethylene, polyethylene terephthalate (PET), nylon, Pebax, 
and polyurethane. Most modern balloons allow controlled lim
ited expansion, burst resistance up to high pressure, and have a 
low crossing profile. The tip style (tapering, length, flexibility) 
varies substantially among different balloons, and is one of the 
factors contributing to a successful crossing (Figure  5.11). 
Compliant balloons show a linear increase in diameter with 
increasing inflation pressure whereas the diameter increase 
tends to plateau in semi‐ or non‐compliant balloons until 
reaching the rated burst pressure. More compliant  balloons 
have a limited pressure range whereas non‐compliant balloons 
have a limited diameter range and are useful for treating resist
ant lesions requiring high pressure inflation or postdilatation. 
Semi‐compliant balloons fall between these two extremes and 
tend to be multipurpose “workhorse” balloons. Familiarity with 
the compliance charts of balloons is necessary to reduce the risk 

(a) Passive support (b) “Mother-child” double
      guide catheter 

(c) Active support

7 or 8 Fr
Amplatz left

5 or 6 Fr JR

(d) Proxis balloon support: Proximal
      balloon ination arrests antegrade
      ow. The central lumen facilitates
      passage of guidewire and stent
      balloon to treat the target lesion

Figure 5.10 Support can be increased by increasing core 
diameter.
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of trauma to the healthy vessel or of exceeding the vessel elasticity 
and induce dramatic vessel ruptures. Terms encountered on these 
charts include the following:
1 Nominal: the pressure at which the balloon reaches its nominal 

diameter (diameter on the label);
2 Rated burst pressure: the pressure below which in vitro testing 

has shown that 99.9% of the balloons will not burst with 95% 
confidence;

3 Mean burst pressure: the mathematical mean pressure at which a 
balloon bursts.

Wall stress within a cylindrical balloon can be represented by the 
following equations:

 radial pd t/2  

 axial pd t/ 4  

where σradial = radial stress, σaxial = axial or longitudinal stress, 
p = pressure, d = diameter, and t = wall thickness. It can be seen that 
wall stress is linearly proportional to diameter which means that 
higher dilatation pressure is possible with smaller diameter 
 balloons. Furthermore, axial stress is half of radial stress which 
means that balloon rupture is usually longitudinal rather than cir
cumferential and therefore less likely to result in vessel trauma.

Balloons have proximal and distal radiopaque markers to allow 
positioning (one central marker for some small diameter balloons). 
Rewrap refers to the ability of the balloon to regain its original 
folded state following deflation. Deflation and rewrapping can take 
time when large and long balloons are used. Rewrapping is essential 
to allow safe withdrawal of the balloon into the catheter. Stent 
deployment balloons tend to rewrap less well, have more variable 
expansion characteristics, and should ideally not be used for post
dilatation. Balloon catheters may also be used to augment support 
when treating complex lesions.

The past decade has heralded the development of several 
 specialty balloons including cutting balloons, focal force balloons, 
and drug‐coated balloons (Figure 5.12) with specific applications 
for each type of balloon.

The cutting balloon is marketed by Boston Scientific 
(Malborough, MA, USA) as the “Flextome.” The balloon has three 
blades equally spaced about its circumference which come into 
 contact with the arterial wall and score the vessel wall. The balloon 
is specifically indicated for discrete lesions with resistance to 
 conventional balloon angioplasty without heavy calcification. 
This  balloon is frequently used to dilate highly resistant lesions, 
particularly fibrotic lesions.

Focal force balloons such as the Angiosculpt (Spectranetics, Inc, 
Colorado Springs, CO, USA) and the Chocolate (TriReme Medical, 

(a) Proximal wire support (b) Distal wire support

(c) Proximal anchor balloon
     support

(d) Distal anchor balloon
      support

Figure 5.11 The primary curve is shaped to fit the tightest angle to 
be wired and the secondary curve to reflect vessel size.
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Figure 5.12 Drug‐coated balloons and arterial drug delivery: mechanism of action. (a) Drug‐coated balloons are comprised of a drug such as 
paclitaxel admixed with an excipient that helps bind the drug to an angioplasty balloon catheter. When the balloon is inflated, the bonds 
between the drug and excipient and the balloon are broken depositing a layer of drug and excipient on to the arterial surface. (b) Endovascular 
drug administration results in adluminal drug entering arterial tissue via diffusion mediated transport. The balance between the steady state 
diffusion mediated drug distribution and drug clearance results in the ultimate arterial drug concentration. This drug concentration is directly 
related to the efficacy of the drug.



58 PART I Principles and Techniques SECTION I Basic Knowledge

Pleasanton, CA, USA) have recently established a niche in the  market 
for treatment of resistant lesions. The Angiosculpt is a non‐compliant 
balloon with three nitinol wires or elements spiraling from the tip to 
the shaft transition. The function and application is similar to a cutting 
balloon; however, the degree of vascular injury imparted is thought to 
be less than the Flextome balloon. Developed for both coronary and 
peripheral vascular applications, the Angiosculpt is similarly used in 
highly resistant lesions when conventional balloons are unable to 
dilate the vessel. Another focal force balloon is the Chocolate balloon 
which is a traditional  semi‐compliant balloon within a nitinol cage. 
When the balloon is inflated, the cage restrains the balloon expansion, 
and the balloon protrudes from between the struts of the nitinol cage 
applying focal pressure to discrete areas of the plaque. Theoretically, 
this will result in more controlled plaque fracture. These balloons are 
frequently applied in vessels where stenting is inadvisable (side 
branches) or not possible (small vessels). Lesion preparation is felt to 
also be  better with focal force balloons [17].

Conclusions
A good operator will have a thorough knowledge of the advan
tages and limitations of each specific piece of equipment, famili
arity with their specific characteristics and modalities of use, and 
a preparedness to change to an alternative strategy or strategies if 
required.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Coronary angiography is the current gold standard in quantifying 
the presence of epicardial coronary disease but has well‐known 
limitations driven by the difficulties of assessing three‐dimensional 
structures using two‐dimensional approaches.

Although intravascular imaging provides insight into the levels 
of atheroma in a coronary artery, there is a disconnect between ste
nosis appearance and the flow limitation it imposes. Physiologic 
interrogation provides not only determination of flow limitation, 
but stratification of risk and the potential value from revasculariza
tion. Conceptually, physiologic assessment should improve outcomes 
by focusing revascularization where the gain is greatest.

Measuring coronary flow remains the ultimate aim of all physi
ologic parameters, including those that estimate flow based by 
measuring pressure only.

This chapter reviews the basic principles of coronary physiology 
and their clinical application in the cardiac catheterization labora
tory. Specifically, CFR, FFR, iFR, and IMR are discussed in detail.

Impact of a stenosis upon coronary flow
Every coronary stenosis imposes a degree of resistance to flow in 
the epicardial vessel. Coronary autoregulation, working through 
a variety of paracrine and neural factors, responds by microcircu
latory vasodilatation. This maintains normal resting coronary 
flow up to a stenosis diameter of 85%, at the expense of distal 
coronary pressure (Figure 6.1) [1]. Distal pressure falls as a result 
of kinetic energy loss from viscous friction, turbulence, and flow 
separation across the stenosis, producing a resting trans‐stenotic 
pressure gradient which increases with increasing stenosis 
s everity (Figure 6.2). The degree of gradient at rest is therefore a 
marker of the physiologic impact of the stenosis upon the 
microcirculation.

Because of limitations in pressure wire technology, with bulky 
catheters with low fidelity cycle averaged traces, it was not practi
cally possible to make detailed assessment of stenosis significance 
under resting conditions. Instead, hyperemia was sought, with the 
aim to increase flow and therefore increase the measurable gradient 
across a given stenosis to more easily distinguish mild, moderate, 

and severe stenoses. Typically, adenosine, ATP, papaverine, or bal
loon occlusion can be used to induce varying degrees of hyperemia. 
This reduces microcirculatory resistance and increases coronary 
flow but does so in a non‐uniform manner. Trivial and mild 
s tenoses demonstrate the greatest increase in flow in response to 
hyperemic stimulus. With stenoses over 30% a reduction in hyper
emic flow is observed while a more marked reduction is evident in 
stenoses over 50% (Figure 6.1).

As stenoses cause natural microcirculatory vasodilatation, the 
vasodilator reserve, which is the capacity to respond to a hyper
emic stimulus by increasing flow, falls with increasing stenosis 
severity. It follows that severe stenoses that genuinely limit flow 
will have an impaired response to hyperemia and with increasing 
severity there is less additional gain in the gradient observed above 
that evident at rest.

The degree of pressure loss or gradient observed with these 
stenoses will be dependent upon the geometry of the stenosis; if 
turbulence is minimal, flow can escalate significantly with little 
pressure loss. If turbulence predominates, pressure loss is exacer
bated even if flow is increasing significantly and there is no true 
“flow limitation.” In long lesions, a great deal of resistance can 
cause considerable pressure loss alongside a failure to increase flow 
in response to hyperemia.

For each stenosis, coronary flow and pressure have a curvilinear 
relationship in which curve steepness is directly related to stenosis 
severity (Figure 6.3). The greater stenosis severity, the greater the 
imposition on trans‐stenotic flow and the larger the detectible pres
sure gradient. In such stenoses, trivial increases in flow over the 
resting state are expected with a considerable resting pressure gra
dient. In milder stenoses, resting gradients can be small but become 
larger if the trans‐stenotic flow is increased considerably. It follows 
that such stenoses are non‐flow‐limiting despite the detectible 
p ressure gradient.

The capacity to increase flow is a marker of microcirculatory 
function in the absence of epicardial disease, or a combined marker 
of epicardial and microcirculatory resistance when a stenosis is pre
sent. If flow can be made to increase significantly across a stenosis, 
then it is likely that microcirculatory function must be intact even if 
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Figure 6.3 The curvilinear relationship between pressure and flow is 
unique for each stenosis. Pressure drop across a stenosis is determined 
by ΔP = Fv + Sv2 (where F is friction losses and S is separation losses). 
This produces curvilinear relationship unique to any stenosis; the 
steepness of the curve reflects the severity of the lesion (e.g., reference 
vessel, stenosis A, B, C). Increasing the flow velocity across a stenosis 
will alter the pressure gradient observed. In stenosis A, there is a large 
resting pressure gradient that is accentuated during hyperemia with 
little increase in flow. In stenosis B, increasing the concentration of 
hyperemic agent (depicted as arrows) will increase flow velocity to 
generate a larger gradient; as resting flow is unchanged, CFR and FFR 
will move in opposite directions. In even milder stenoses, such as A, 
large escalations of flow velocity from a relatively low resting value 
could create a large pressure gradient; in these situations, pressure 
does not reflect the change in flow. Source: Adapted by permission 
from Macmillan Publishers Ltd: Nat Rev Cardiol, van de Hoef TP, et al. 
Fractional flow reserve as a surrogate for inducible myocardial 
ischaemia, 10, 439–452, copyright 2013.

not entirely normal. Microcirculatory vasodilatation is related to 
size of the tissue bed and the demand placed. If vasodilatation can
not compensate for the stenosis, distal flow diminishes and ischemia 
under resting conditions would result.

Fundamentals of practical physiologic 
assessment
Physiologic assessment requires the use of adequately sized guiding 
catheters to engage the vessel of interest. Catheters of 6 Fr are suita
ble. Caution is required to ensure there is no damping of the p ressure 
signal after engagement, because this will compromise all measure
ments. Catheters with side holes should be avoided; although the 
side hole can improve the appearance of the pressure trace, there 
remains a relative ostial obstruction. In the event of pressure damp
ing or the presence of important ostial disease, it is appropriate to 
perform measurements with the guiding catheter disengaged. 
However, this obviates the possibility of using intracoronary 
v asodilators or injectants for thermodilution.

Essential to all invasive coronary physiologic assessment is the 
use of heparin to prevent thrombosis upon the wire; typically 
70–100 IU/kg is administered before any wires are placed.

A further essential step is to provide adequate intracoronary 
nitrates (200–300 μg). Nitrates do not create a long‐lasting hyperemic 
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Figure 6.1 Behavior of resting and hyperemic flow in relation to 
stenosis severity. Resting flow is remarkably preserved despite 
worsening stenosis severity—up to 85% diameter stenosis by formal 
measurement. Hyperemic flow starts falling when stenoses are 30% 
but falls significantly once stenoses are 50%. Source: Adapted from 
Gould et al. 1974 [1].
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Figure 6.2 The flow of blood across a coronary stenosis. Pressure gradients across stenoses are due to both viscous and separation losses. 
Pressure is lost owing to viscous friction along the stenosis (Poiseuille’s law). Flow also accelerates as it passess through the narrowed segment, 
causing pressure loss as pressure is converted into kinetic energy (Bernoulli’s law). Flow separation and the formation of eddies prevent complete 
pressure recovery at the exit of the stenosis. Measurement of intracoronary hemodynamics includes proximal perfusion pressure (Pa), coronary 
pressure and flow velocity distal to the stenosis (Pd and Vd, respectively), and the venous pressure (Pv), which is typically assumed to be negligible. 
ΔP is the difference between Pd and Pa. Normal diameter (Dn), stenosis diameter (Ds), proximal velocity (Vn), and stenosis velocity (Vs) are 
indicated. Source: Reprinted by permission from Macmillan Publishers Ltd: Nat Rev Cardiol, van de Hoef TP, et al. Fractional flow reserve as a 
surrogate for inducible myocardial ischaemia, 10, 439–452, copyright 2013.
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effect but remove wire‐related and guide‐related vessel spasm and 
ensure epicardial resistance is minimized. This enables accurate 
physiologic assessment; readings without nitrates should be 
repeated, as even a small degree of distal wire spasm will raise distal 
coronary pressure while more proximal spasm will make distal 
assessment appear worse.

Hyperemia
Hyperemia is believed to occur in two stages. Agents primarily 
achieve maximal hyperemia through their vasodilator action on 
microvascular smooth muscle cells (an endothelium‐independent 
response). The resultant increase in blood flow is thought to stimu
late shear stress‐induced endothelial nitric oxide release, which pro
motes further vasodilatation of the microcirculation (flow‐mediated 
dilatation) and increase in blood flow (an endothelium‐dependent 
response). Therefore the response to hyperemic agents will inte
grate a change in coronary blood flow and microvascular function 
but alone cannot distinguish between components.

Non‐specific agents such as adenosine and papaverine are com
monly used to induce maximal hyperemia for assessment of indices 
such as coronary flow reserve (CFR), fractional flow reserve (FFR), 
and index of microcirculatory resistance (IMR). The dose of adeno
sine is accepted as 140 μg/kg/min when given as a central venous 
infusion (e.g., femoral vein); ATP can be given as an alternative. 
The hyperemic effect is typically observed after 30 seconds and 
infusions should continue for 1–2 minutes to observe for stable 
hyperemia. Side effects include relative hypotension, a central chest 
discomfort or burning, dyspnea, and bronchospasm. It should be 
avoided in patients with severe brittle asthma. Short‐lived atrioven
tricular conduction delay is frequent. It is common to seek periph
eral veins to avoid additional femoral venous puncture; there are 
data to support this approach but hyperemia can become more 
variable with a longer time course [2].

For intracoronary dosing, clinical practice remains variable. 
Early validation work was performed using considerably lower 
doses than found in clinical practice today. Accepted intracoronary 
doses of adenosine or ATP are 80–120 μg in the left coronary sys
tem and 40 μg in right coronary artery; these typically produce 

hyperemia lasting 5–10 seconds [3]. Caution is required in ensuring 
pressure ports are closed to ensure appropriate pressure traces can 
be recorded.

Papaverine is an alternative intracoronary agent that achieves a 
longer lasting hyperemia of 30–60 seconds which permits pullback 
assessments at the cost of transient QT prolongation and rare trig
ger ventricular tachycardia or torsarde de pointes [3]. It is typically 
used when adenosine is not available (15–20 mg in the left coronary 
artery; 10–12 mg in the right coronary artery) [3].

Newer alternatives include regadenoson, a selective A2A receptor 
agonist which has been approved for use in myocardial perfusion 
imaging. Given as a single bolus into a peripheral vein using a 
weight‐unadjusted dose (400 μg over 10 seconds), regadenoson 
achieves a peak flow velocity after 1 minute and declines thereafter 
[4]. However, the duration of hyperemia is very variable among 
patients, making pullback and multi‐vessel assessment unreliable 
and inconsistent. Side effects include adenosine‐like effects with 
hypotension, chest discomfort, and flushing. Third‐degree heart 
block has also occurred.

Alternatives to achieve increased flow include the use of con
trast—which in some settings can have a similar effect to that of 
other intracoronary hyperemic agents [5]. Caution is required as 
the hyperemic effect is variable between injections, very short‐lived, 
and can contribute to considerable contrast burden. Furthermore, it 
remains unclear what the threshold for treatment should be; small 
studies have limited power to determine cut‐offs while larger ones 
are not helpful if different types and volumes of contrast are used. 
As the hyperemia is submaximal, changing volumes can lead to dif
ferent pressure ratios and uncertainty.

Coronary flow reserve and relative CFR
The concept of CFR is to compare the flow at rest with that meas
ured under hyperemia. CFR is derived from the ratio of steady state 
maximal hyperemic flow to resting flow in a given artery [6]. 
Conceptually simple, CFR can be measured invasively using intra
coronary wires capable of measuring coronary flow velocity (using 
a  piezo‐electric Doppler; Figure  6.4) or apply thermodilution 

Baseline recording of pressure and �ow velocity Recording during hyperemia - adenosine 140 µg/kg/min

Figure 6.4 Physiologic interrogation in the catheter laboratory. Left panel shows baseline data at rest. There is trivial resting gradient (Pd/Pa 
0.94). Note the spectral Doppler trace has the majority of flow in diastole; also note the digital tracking has been optimized to avoid extraneous 
noise. Right panel shows data after hyperemia. CFR is calculated as the ratio of average peak velocity (APV) at maximal hyperemia to baseline. In 
this case, FFR and HSR are negative suggesting no significant limitation on flow; CFR is low—which will be partly caused by the stenosis and 
partly caused by microvascular disease.
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 principles (using wires with a thermistor). It can also be measured 
during non‐invasive testing using positron emission tomography 
(PET) derived quantification of regional myocardial blood flow or 
by transthoracic echocardiographic assessment of coronary blood 
flow. Comparison with non‐invasive functional imaging techniques 
has shown that a CFR <2.0 strongly correlates with ischemia in the 
subtended territory [7]. Extensive prognostic data that strongly 
suggest that events are low if flow can elevate greater than twice that 
measurable at rest [8].

Relative CFR (rCFR) indexes the CFR value of the interrogated 
vessel by that of a normal unobstructed reference vessel in the same 
patient, provided that at least one vessel is available [6]. Accordingly, 
a normal rCFR is between 0.65 and 1.0. An important limitation is 
that of potential collateralization between coronary territories in 
the presence of a severe stenosis can alter the values. As vasodilators 
cause indiscriminate microcirculatory vasodilatation, then flow in 
the reference vessel can be significantly higher than if the stenosis 
in the neighboring territory was absent. Consequently, the CFR in 
the reference vessel may be supra‐normal, causing overestimation 
of the significance of the stenosed territory. Alternatively, an inad
equate hyperemic response in the “reference” territory would lead 
to underestimation of the importance of the stenosed vessel.

Practical approaches to measuring cFR
CFR is calculated using either Doppler flow velocity or thermo
dilution. Doppler flow velocity traces are acquired using a piezo‐
electric tipped guidewire to elicit spectral traces; average peak flow 
velocity (APV) is determined by digital tracking (Figure 6.4) and 
CFR is computed using the ratio of APV at rest and hyperemia. 
Epicardial resistance must be stabilized using intracoronary 
nitrates, ensuring a constant surface area which allows flow velocity 
to be directly proportional to flow.

Added care and attention is required to ensure the flow sensor is 
coaxial within the vessel. Not only must the Doppler signal be dense, 
but the automated digital tracing around the Doppler flow velocity 
signal must also be fully optimized. Inadequate tracking will impair 
CFR calculation and any phasic analysis. When stenoses are highly 
obstructive, acquisition of high quality traces is challenging.

The principle of thermodilution is based upon the concept that 
transit time of an intracoronary injectate, derived from a thermo
dilution curve, is inversely proportional to flow [2]. CFR can 
t herefore be derived as the ratio of the mean transit time of an intra
coronary injectate at baseline and maximal hyperemia. Dedicated 
pressure wires with a temperature sensor can detect the transit time 
of a handheld 3–4 mL intracoronary injectate of room temperature 
saline [9–11]. The shaft of this wire, on which the temperature‐
dependent electrical resistance is monitored, acts as a proximal 
thermistor. The distal pressure sensor also allows simultaneous 
high fidelity temperature measurements. Multiple injectants are 
typically performed to take an averaged thermodilution curve. 
Thermodilution techniques require for a standardized volume of 
injectant, given at a standard speed and force, followed by a stand
ard flush time. Changing these parameters can lead to subtle 
changes in the thermodilution patterns observed. The need to inject 
means intravenous hyperemia is required.

clinical interpretation of cFR
In the absence of an epicardial stenosis, CFR is a measure of micro
vascular reserve and the capacity to respond to an exogenous vaso
dilator. In the presence of an epicardial stenosis, CFR provides a 
marker of flow obstruction; values below 2 are considered flow 

 limiting. When used alone, CFR cannot estimate the relative contri
bution of microvascular dysfunction and epicardial stenosis because 
it inherently combines both. CFR may be used alongside another 
hyperemic index such as FFR; however, there may be similar con
cern that inadequate hyperemia can lead to misclassification of ste
nosis significance. Discrepancy between FFR and CFR occurs in 
30–60% of cases. Typically, the pressure‐based index has been con
sidered correct since the availability of FAME study data, although 
alternative explanations should be considered as pressure is being 
used to estimate flow.

When CFR is low, and FFR is above the treatment threshold, it 
can be interpreted that that there is a non‐flow limiting stenosis 
with microvascular dysfunction. However, as FFR is reliant upon 
achieving adequate hyperemia, then a non‐significant value may 
not be accurate. In this case, alternative hyperemic approaches 
should be sought: papaverine may overcome resistance to adeno
sine. Alternatively, a resting index such as the instantaneous wave‐
free ratio (iFR) may help. Since the resting index relies upon the 
natural response of the circulation to the stenosis it is not reliant on 
the response to the exogenous agent. A truly significant stenosis 
will cause resting pressure loss even if the response to a hyperemic 
agent is incomplete. If the iFR is positive, then it suggests, together 
with the low CFR, that the flow limitation is genuine and that a high 
FFR is caused by a lack of microcirculatory response to adenosine. 
If the iFR is negative, it suggests that the epicardial resistance 
offered by the stenosis is small and predominantly microvascular 
disease is present.

An alternative discrepancy is that CFR may be high, suggesting 
there is no difficulty in escalating flow when required, while FFR 
may be strongly significant, suggesting a flow limitation. This situ
ation occurs because high flow velocities across even trivial sten
oses can generate turbulence and energy loss that is detectible as 
pressure loss, despite the capacity to increase flow. Should a resting 
index such as iFR be negative, it suggests little impact of the epicar
dial stenosis. Alternatively, a combined pressure and flow velocity 
parameter such as the hyperemic stenosis resistance (HSR) may 
help (Figures 6.4 and 6.5).

hyperemic stenosis resistance and basal 
stenosis resistance
The pressure–flow velocity relationships of a stenosis can be 
described by the gradient of the curve and this is encapsulated by 
HSR and basal stenosis resistance (BSR). Both measures use the 
translesional pressure gradient and index it by the flow velocity dis
tal to the stenosis (Pa‐Pd/flow velocity) [12]. HSR is measured 
under hyperemic conditions, while BSR is measured at rest; applica
tion of both enable elucidation of the relative contributions of 
e picardial and microvascular resistance to impaired coronary flow. 
Both are accurate surrogates for mycardial ischemia [12–14]. 
Stenoses with hyperemic resistance over 0.80 mmHg/cm/s or 
r esting resistance over 0.66 mmHg/cm/s are likely to be causing 
ischemia [13,14].

As both HSR and BSR include both pressure and flow measure
ments, the difficulties posed by CFR or FFR measurement are 
resolved. High flow situations causing pressure loss due to 
Bernouli’s principle are readily detected; similarly microvascular 
disease limiting flow increases without epicardial limitation can be 
determined.

The specific value of these parameters is that they remove the 
likelihood of false positive pressure gradients that can occur when 
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coronary flow increases significantly across an otherwise mild 
non‐flow‐limiting stenosis. As predicted by the curvilinear rela
tionship between pressure and flow, even a trivial narrowing can 
generate a considerable pressure gradient if the flow increases 
 dramatically and this can occur particularly in proximal lesions in 
vessels subtending a large territory (such as the left anterior 
descending; LAD) with a microcirculation that is particularly 
response to exogenous vasodilators (Figure  6.5). First, the large 
response to a vasodilator suggests there is considerable vasodila
tory reserve within the microcirculation which has not had to 
adapt to flow‐limiting stenosis. Second, the fact that flow can ele
vate significantly across the stenosis suggests it cannot be flow lim
iting. Using a pressure‐only index, under conditions of hyperemia, 
a large gradient manifest in this manner (“false positive”) would be 
indistiguisable from a “true positive” value. By measuring both the 
gradient and the actual flow, both HSR and BSR resolve this diffi
culty and give a highly accurate representation of the significance 
of a stenosis.

In modern clinical practice, HSR and BSR can be acquired 
using a combined pressure and flow velocity guidewire, which fea
tures both a pressure sensor and a piezo‐electric crystal capable of 
measuring Doppler flow velocity. As with CFR, optimized flow 

signals are required and familiarity with wire handling. Advances 
in the commercially available consoles can facilitate use of these 
parameters but, until then, HSR and BSR remain in the research 
domain.

Fractional flow reserve
Fractional flow reserve (FFR) is a reference standard for coronary 
physiology in the catheter laboratory. It is used routinely in clinical 
practice and is supported by a large volume of research data. FFR, as 
a concept, is defined as the maximum myocardial blood flow in the 
presence of an epicardial stenosis divided by the theoretical maxi
mum flow in the absence of a stenosis (maximum flow when the 
vessel is normal) in a given artery [1–3,15]. In clinical practice, FFR 
does not measure flow, instead measuring intracoronary pressure 
[15]. As pressure and flow are not linearly related, a direct relation
ship can only be inferred if coronary microcirculatory resistance is 
constant (and minimal) as is theoretically the case during maximal 
arteriolar vasodilatation [15]. Hyperemic agents such as adenosine, 
papaverine, ATP, or regadenoson are used to reduce resistance and 
increase coronary flow, thereby magnifying a trans‐stenotic pres
sure gradient that is often present at rest [15]. FFR is therefore 
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defined in the catheter laboratory as a ratio of the distal and proxi
mal coronary pressures (Pd/Pa) during stable hyperemia averaged 
over 3–5 complete cardiac cycles.

When administering vasodilators, it is appropriate to observe the 
change in the Pd/Pa ratio as it may fluctuate before settling during a 
period of stable hyperemia [16]. When using short‐lived intracoronary 
vasodilators, the lowest Pd/Pa ratio achieved can be used. Caution 
should be exercised when relying upon automated device calculation, 
as the lowest value may be spurious, such as calculated during arterial 
port opening, an ectopic beat, or a cardiac pause [15].

Conceptually, a vessel with FFR of 0.80 has 80% of the blood flow 
it should have if the stenosis was absent. Theoretically, if a stenosis 
was removed from that vessel, the FFR should be 1.0. For FFR to be 
correct the resistance imposed by the microcirculation and any col
laterals must be entirely stable and flow across the stenosis maxi
mal. If higher flow across the stenosis can be achieved, or if the 
microcirculation resistance can be lower, then the severity of the 
stenosis will be underestimated and the calculated value of FFR will 
be overestimated (e.g., 0.85 when it should be 0.76).

consideration of right atrial pressure
Outflow of blood from capillaries into the venous circulation con
tributes to resistance; and this was accounted for by the original defi
nition of FFR (FFRmyo = Pd–Pv/Pa–Pv) [17]. To simplify FFR and 
its increase adoption, venous pressure is typically assumed to be zero. 
If zero, Pv can be removed from the equations calculating FFR. 
However, typical venous pressures of 2–8 mmHg are reported during 
hyperemia and patients with cardiac impairment can have higher 
values [18]. The implications are that stenosis severity may be under
estimated, particularly if venous pressure is elevated [19]. While the 
effects may be diluted in population samples, for individual patients 
the effects and the change in categorization can be marked and meas
urement of right atrial pressure should be considered.

Stenosis‐specific assessment
In modern practice, FFRmyo (total flow through the myocardial 
bed, including collateral flow) and FFRcor (quantification of flow 
limitation caused by stenosis) are considered the same. FFRcor 

requires coronary wedge pressure (Pw)—measured during balloon 
occlusion of a stenosis—to estimate the flow contribution from col
lateral vessels. Pd–Pw/Pa–Pw is required for FFR to provide steno
sis specific information, and it is known that the simplified FFRmyo 
underestimates FFRcorr [17,20]. However, for practical reasons 
when assessing an intermediate stenosis the risks of balloon infla
tion may be undesirable, and therefore a balloon occlusion meas
urement is rarely performed.

thresholds for significance and evidence to support
A cut‐off FFR value of <0.75 across an epicardial stenosis is accepted 
to be indicative of myocardial ischemia. There is a close correlation 
between FFR <0.75 and different non‐invasive indices of reversible 
myocardial ischemia [21]. While there may be discrepancy with 
individual functional tests, when multiple tests are performed 
agreement is more likely; early work suggests FFR ≤0.75 detects 
97% of ischemia [21]. Meta‐analytical work suggests the match with 
non‐invasive testing is typically 70% [22]. The DEFER study dem
onstrated it was clinically safe to defer revascularization with FFR 
values over 0.75, although the study was small and the number of 
points in the intermediate range even smaller [9].

FFR values over 0.80 have over 90% sensitivity of excluding 
ischemia. The FAME and FAME II studies both used a 0.80 thresh
old, ostensibly to ensure potentially ischemic stenoses were not 
missed. FAME randomized patients to either FFR‐guided revascu
larization in multivessel disease or an angiographic approach where 
all stenoses ≥50% were stented; FFR reduced the number and length 
of stents placed and reduced the number of lesions considered 
significant (Figure 6.6) [10]. This led to an improvement in com
posite outcomes of death, myocardial infarction (MI), and repeat 
revascularization [10]. FAME II randomized those patients with 
confirmed FFR ≤0.80 to PCI with optimal medical therapy or opti
mal medical therapy alone. Two‐year follow‐up suggested the com
posite of death, non‐fatal MI, and revascularization was significantly 
lower with PCI than medical therapy when peri‐procedural events 
were excluded, although the majority of the events were urgent 
revascularization and the trial was stopped early which could 
o verestimate the benefits (Figure 6.6) [11].
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Therefore, it is typical for revascularization to be offered when 
stenoses have FFR ≤0.75, while deferral is more likely when FFR 
>0.80. For values in the “gray zone” (between 0.75 and 0.80), clinical 
judgment is required, combining knowledge of the patient’s clinical 
presentation, other investigations, and the impact of natural 
v ariability [23]. It is common practice to give additional doses of 
hyperemic agent when values are close to the threshold: higher 
doses can give confidence that maximal hyperemia has been 
achieved, but as flow is not being directly measured, caution is 
required because some changes can result from the hemodynamic 
disturbance of higher doses.

An area of great potential remains the use of FFR during routine 
clinical angiography rather than at the time of coronary interven
tion. Greater utility can be gained by performing multivessel physi
ologic assessment at the time of angiography to objectively delineate 
the clinical significance of any coronary atheroma. Studies suggest 
there could be significant changes in medical decision making with 
the additional information [24,25].

Clinical technique for assessment of FFR
FFR is measured using pressure‐tipped guidewires (pressure wire) 
[3]. The pressure wire is introduced through a standard guiding 
catheter and positioned distal to the coronary stenosis being inves
tigated under fluoroscopic guidance. Prior to passing the wire past 
the stenosis, effort should be made to ensure that the distal pressure 
trace (Pd) is equalized or “normalization” with aortic pressure trace 

(Pa) at the origin of the vessel (left main stem or osmium of the 
right coronary artery) (Figure 6.7). If ostial stenosis is suspected, 
the wire will require normalization in the aorta. Measurements 
should be made with the needle‐introducer fully closed to avoid 
minor pressure drift. Once the wire is passed past the stenosis, it is 
recommended that sensor is at least 2–3 vessel diameters away from 
the stenosis to reduce the impact of pressure recovery phenomena. 
Pd and Pa traces are displayed continuously, and either intravenous 
or intracoronary hyperemic vasodilator should be administered; 
FFR is then taken during a period of stability.

When there is diffuse disease, it is possible to move the pressure 
wire backwards by applying gentle traction to bring the sensor to 
the vessel osmium. This permits estimation of areas of large pres
sure drops if performed while continuous hyperemia is achieved—
most easily with an intravenous infusion of adenosine.

The sensor should always be returned to the vessel ostium after 
assessment to exclude the presence of significant pressure wire or 
hemodynamic system drift which would make the measurement 
unreliable. Values of drift over 2 mmHg suggest the measurement 
should be repeated.

Caution is required when there are large hemodynamic shifts in 
aortic pressures caused by central adenosine infusions. Large falls 
in proximal aortic pressure cannot account for a significant propor
tion of the change in distal coronary pressure and can alter the FFR 
results. Caution should taken to ensure ratios are calculated during 
stable hyperemia to match the original validation work. In some 

(a) Pressure sensor location (b) Phase delay

(c) After formal normalization

Figure 6.7 Active and phasic normalization. (a) The pressure wire sensor should be normalized at the ostium of the vessel. For most pressure 
wires the sensor is at the junction of the radiopaque marker. (b) There is a phase delay between proximal aortic pressure (Pa, red) and distal wire 
pressure (Pd, yellow); while the Pd/Pa ratio over the whole cycle is 1.0, during the wave‐free period in diastole, the ratio is an erroneous 1.08 at 
the ostium. Therefore any measurements taken would be erroneous. (c) After the formal normalization process, the Pd and Pa are now aligned.
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situations, the lowest FFR value can occur during the initial peak 
hyperemic phase causing a change in classification of stenosis sig
nificance [15]. Prolonged intravenous infusions of adenosine can 
cause paradoxical vasoconstriction of the microcirculation and the 
whole trace should be observed for a reliable value [26,27].

clinical applications of FFR
FFR has been widely assessed in a number of different settings to 
assist clinical decision making. There are clinical studies utilizing 
FFR for the assessment of left main stem disease [28,29], side branch 
vessels, and for guiding surgical graft placement [30]. There remains 
limited data for the use of FFR within surgical grafts [31]. FFR has 
been used in patients with acute coronary syndromes with reason
able reproducibility, despite concerns that the micro vasculature is 
not optimally responsive to adenosine shortly after infarction.

A number of studies have sought to correlate intravascular ultra
sound (IVUS) or optical coherence tomography (OCT) parameters 
with FFR. Overall, the thresholds determined will be dependent 
upon the underlying population and the distribution of the FFRs 
studied. Although this avenue of research remains attractive to 
those wishing to minimize vessel instrumentation, tools, intracoro
nary imaging, and physiology offer complementary not mutually 
exclusive information to aid clinical decisions.

Instantaneous wave‐free ratio
The instantaneous wave‐free ratio (iFR) is a resting index of steno
sis severity that quantifies the impact a stenosis upon the coronary 
circulation [32]. A pressure‐only index, it is measured during the 
wave‐free period in diastole. The wave‐free period was determined 
using wave‐intensity analysis, and is a period where the conflicting 
forces that control blood flow are quiescent, and microcirculatory 
resistance is at its lowest compared to whole cardiac cycle. As such, 
pressure and flow are linearly related over the wave‐free period, 
enabling a resting pressure index to assess stenosis severity without 
the need of an exogenous vasodilator [32,33].

IFR is calculated in the same manner as FFR or other pressure‐
based approaches. Once the pressure sensor beyond the stenosis in 
question, iFR can be calculated as a single heart beat calculation, or 
an average over five heart beats. Initial commercial systems have 
required ECG monitoring to determine the correct phase in the 
cardiac cycle, but newer pressure‐only algorithms remove this need.

The wave‐free period is not significantly affected by beat‐to‐beat 
variability or atrial arrhythmias. Heart rates typical for performing 
physiologic assessment (40–130 bpm). Algorithms within the com
mercial consoles are capable of excluding inappropriate beats with a 
wide variability.

IFR can be plotted throughout the vessel during gentle pressure 
wire pullback to identify focal and diffuse disease throughout the 
vessel. The degree of information observed will depend partly upon 
the speed of pullback; 20–30 seconds typically suffices. As this infor
mation is acquired at rest, the degree of flow interaction that can 
occur between mutliple stenoses during hyperemia is minimized 
[34]. This provides an additional advantage of an iFR‐pullback 
approach, because it becomes possible to predict the hemodynamic 
effect of removing a stenosis (Figure 6.8) [35]. The residual resting 
gradients typically remain the same after coronary intervention 
because resting flow velocity changes little. In contrast, hyperemic 
pullbacks, while they can identify areas of high pressure gradient, 
cannot predict the hemodynamic impact of stenting because hyper
emic pressure gradients change after the removal of a stenosis. This 

novel additional information can facilitate a more physiologically 
guided coronary intervention than hitherto possible.

It is also possible to measure iFR during administration of a vaso
dilator such as adenosine. While this has consistently produced lower 
iFR values, many even lower than FFR, because the stability of resist
ance is unchanged there is no significant incremental diagnostic 
yield. It appears the information available at rest is sufficient. If used, 
a much lower threshold (0.66 for ischemia) must also be applied.

iFR in clinical trials
IFR has been compared with FFR in a number of studies, notably the 
ADVISE family of studies [32,36,37]. The degree of classification 
match is strongly dependent upon the distribution of lesions included 
with clinical cohorts demonstrating 80–88% match. The limit of match 
is driven by the capacity for FFR to match itself when repeated. This 
varies according to the technique and analysis route chosen but can be 
as much as 15% change in classification match when FFR is close to its 
threshold. When compared with third party markers of ischemia, 
including HSR, CFR, SPECT, and PET imaging, iFR and FFR are 
equal in their capacity to detect ischemia (Figure 6.9) [33,38–41].

Clinical outcome studies are underway in very large rand
omized controlled trials: DEFINE‐FLAIR and the iFR‐Swedeheart 
studies will compare clinical outcomes when patients undergo 
revascularization based upon either iFR or FFR.

Practical considerations of iFR measurement
When performing resting physiologic assessment, a rigorous stand
ardized approach is necessary, encapsulated by the “3Ns”: nitrates, 
normalize, and no touch.

First is to administer intracoronary nitrates. Nitrates are required 
for all physiologic assessment to stabilize epicardial resistance, since 
the introduction of the pressure wire will cause a highly variable 
degree of spasm not always evident upon angiography. Typically, 
300 μg is sufficient and this should be administered as soon as the 
guiding catheter is engaged, before the pressure wire is passed into 
the vessel. If time has elapsed between the last administration and a 
recording, it is usual to re‐administer the nitrate. Nitrates do not 
cause significant or long‐lived hyperemia; any increase in flow has 
returned to baseline within 30 seconds.

Second, “normalization” of the pressure wire at the vessel ostium 
is strongly recommended prior to passing the wire into the vessel in 
question. This should be performed with the introducer needle 
removed. Active normalization will not only ensure the pressure 
ratios are 1.0, but also ensure there is no time delay between proxi
mal and distal pressure tracings. This is pertinent for phasic pres
sure analysis such as iFR, as time offsets will generate incorrect 
calculation (Figure 6.7).

Third, once the wire has been positioned in the location for 
measurement, there should be no further touching of the pressure 
wire. For optimal resting assessment, additional contrast injections 
should be avoided just prior to measurement of the index. If a 
c ontrast injection is necessary, it would be appropriate to wait 20 
s econds to allow the impact of submaximal hyperemia to subside.

In the post‐PCI state, either after ballooning or stenting, resting 
flow states have typically resumed by the time the balloon is with
drawn and the catheters have been flushed. In practical terms, there 
is no delay in the time required to make a resting measurement.

Other concerns that patient anxiety or conscious state affect rest
ing measurements has not been found in practice. The ADVISE 
family of studies were all performed in typical patients attending 
the catheter laboratory without a specific protocol for sedation.
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IFR has attraction in simplifying stenosis assessment by 
removing the absolute need for a vasodilator. This likely reduces 
cost, time, and patient discomfort from vasodilators. There is 
potential use in patients who cannot be given a vasodilator, such 
as those with allergy, severe airways disease, or with conditions 
that cannot tolerate hypotension—including aortic stenosis. 
Multivessel assessment and physiologically planned coronary 
intervention with assessment after intervention provide further 
potential scenarios.

Assessment of coronary microvascular 
function
The functional state of the coronary microcirculation has a strong 
prognostic role [4] and assessment of coronary microvascular 
function can assist in risk stratification of patients. Current 
approaches rely upon indirect assessment of the microcirculation: 
assessing a change in coronary flow in response to a specific ago
nist that evokes differential microvascular responses. Agonists are 
either endothelium‐dependent (requiring an intact endothelium to 

(a)

(b)

(c)

(d)

Figure 6.8 iFR pullback can be used to predict post‐PCI iFR values. (a) The left anterior descending (LAD) has a moderate proximal stenosis and 
a long segment of moderate‐to‐severe disease. iFR is positive for ischemia. (b) The live beat‐to‐beat iFR‐pullback suggests the proximal stenosis 
contributes 0.05 iFR units while the mid‐vessel disease is 0.06. (c) Removing the mid‐vessel disease is predicted to give an iFR of 0.91, above the 
treatment threshold. (d) Repeat iFR post‐stenting the mid‐vessel disease confirms an iFR of 0.91; pullback shows that proximal disease continues 
to contribute 0.05 pressure drop and can be deferred.
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function, such as acetylcholine, substance P, and bradykinin) or 
endothelium‐independent (such as nitrate and nitroprusside) [42]. 
The level of change in coronary blood flow in response to a given 
agonist is inversely proportional to the functional state of the 
microcirculation.

Research approaches to assessing coronary 
microvascular function
The basic principle requires determination of blood flow in 
response to a microvascular agonist. Flow can derived from the 
product of the cross‐sectional area of the vessel and the average 
velocity of the fluid within: flow = (πD2/4) × (0.5 × APV), where D 
is the diameter of the vessel measured using quantitative coronary 
angiography and APV is the average peak velocity measured using 
a Doppler guidewire. Vessel diameter measurements should be rig
orously performed, over a 5‐mm segment approximately 2.5 mm 
distal to the Doppler sensor. Following acquisition of baseline coro
nary flow, measurements should be repeated after delivery of the 
agonist, either as a continuous infusion through a guiding catheter 
together with an infusion pump or as an intracoronary bolus. The 
change in flow can be quantified as percentage change compared 
with baseline or hyperemic flow. The potential for error, from 
diameter measurements or inadequate flow velocity envelopes, is 
significant and care is required.

iMR: a clinical tool to assess microvascular function
IMR measures the resistance of coronary microvacular vessels 
and is derived from application of Ohm’s law (that the potential 
difference across an ideal conductor is proportional to the cur
rent through the conductor) [43]. By neglecting the influence of 
venous pressure, IMR is determined by dividing hyperemic distal 
coronary pressure (Pd) by hyperemic flow; since it is typically 
derived using thermodilution techniques, it is readily calculated 
by the product of Pd with transit time (Tmn) under hyperemia 
[43]. A brisk injectant of 3 mL saline at room temperature should 
be used to determine transit times under maximal hyperemia, 
typically achieved using intravenous adenosine infusions 
(Figure 6.10).

IMR correlates significantly with true microcirculatory resist
ance measured in an open‐chested pig model. In the presence of 
an epicardial stenosis, coronary wedge pressure should be 
included in the calculation (IMR = Pa × hyperemic mean transit 
time × [(Pd–Pw)/(Pa–Pw)]); this is particularly important in sig
nificant stenoses with an FFR ≤0.60 where the likelihood of col
lateral flow is high. Mathematical derivation of Pw is also possible 
based upon the statistical relationship between FFRcorr and 
FFRmyo; IMR can t herefore be calculated as:

 IMR Pa T Hyp P P .calc mn d a1 35 0 32 20. / .  

No threshold has been formally accepted and IMR can be consid
ered a relative rather than absolute index. However, values below 25 
have been found in two small healthy populations with normal 
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IMR = Pd× TmnHyp = 76 × 0.26 = 19.8

Figure 6.10 IMR calculation. A combined pressure–temperature 
guidewire is used to obtain mean Pd and mean distal coronary blood 
flow (based on the principles of thermodilution in response to a 3 mL 
handheld intracoronary injection of room temperature saline). IMR is 
derived from the ratio of mean Pd (green circle) and mean distal 
coronary flow at maximal hyperemia. Distal coronary flow is inversely 
proportional to the mean transit time (Tmn) of the injectate. Therefore 
IMR = Pd : 1/Tmn = Pd × Tmn.
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angiographic appearance to vessels [44]. After ST‐segment eleva
tion myocardial infarction (STEMI), patients with high IMR values 
(>40) are more likely to have raised cardiac enzymes, less cardiac 
recovery on non‐invasive imaging, and evidence of microvascular 
obstruction on magnetic resonance imaging [45]. Values below 40 
are associated with lower rates of death or rehospitalization for 
c ongestive heart failure or death alone. Active research is seeking 
adjunctive approaches to minimize microvascular dysfunction dur
ing STEMI and after elective intervention in stable patients as 
assessed by IMR. There may also be utility in using high IMR values 
to diagnose microvascular dysfunction as the cause of angina in 
patients with otherwise normal appearing c oronary vessels.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Medical uses of ultrasound came shortly after the end of World War 
II. However, real‐time ultrasound imaging originated in the late 
1960s and early 1970s when Bom et al. [1] pioneered the develop
ment of linear array transducers for use in the cardiovascular sys
tem. The first two‐dimensional catheter imaging system was 
designed in 1972 using a solid‐state transducer array of 32 elements 
arranged radially at the tip of a 9 Fr catheter [2]. By the late 1980s, 
Yock et al. [3,4] had successfully miniaturized a single‐transducer 
system that could be placed within coronary arteries. Ever since, 
intravascular ultrasound (IVUS) has become an increasingly 
important catheter‐based imaging technology providing both 
p ractical guidance for percutaneous coronary interventions (PCI) 
as well as many different clinical and research insights [5–10].

Coronary angiography has numerous limitations, including 
f oreshortening and vessel overlap, high inter‐ and intra‐observer 
variability when assessing lesion severity, and provides no details 
of  plaque burden or composition. Conversely, IVUS directly 
images the atheroma within the vessel wall, allowing reproducible 
measurement of plaque size, distribution, and to some extent its 
composition. The application of IVUS as a prognostic tool and to 
guide coronary intervention is well established. IVUS has also pro
vided new insights into the efficacy and safety of drug‐eluting 
stent  (DES). Thus, IVUS has been established as the method of 
choice for the serial assessment of atherosclerotic plaque burden in 
p rogression–regression trials.

Recent advances in IVUS technology permit identification of 
plaque composition and morphology using computed‐assisted anal
ysis of raw radiofrequency signal (e.g., virtual histology; VH). Several 
studies have emerged correlating these newer IVUS approaches with 
patient outcomes in a variety of clinical scenarios. This chapter 
reviews the rationale, technique, and interpretation of  grayscale 
IVUS and VH imaging in diagnostic and therapeutic applications.

Principles of IVUS imaging
Ultrasound is acoustic energy with a frequency above human hear
ing. The highest frequency that the human ear can detect is approx
imately 20 thousand cycles per second (20,000 Hz). This is where 
the sonic range ends and where the ultrasonic range begins. 
In medical imaging, high‐frequency acoustic energy is the range of 

millions of cycles per second (megahertz; MHz). Current IVUS 
catheters used in the coronary arteries have frequencies ranging 
20–45 MHz and 100–200 μm axial resolution [11].

IVUS supplements angiography by providing a tomographic 
p erspective of lumen geometry and vessel wall structure. The 
equipment required to perform intracoronary ultrasound consists 
of a catheter incorporating a miniaturized transducer and a c onsole 
to reconstruct the images. The IVUS transducer converts electrical 
energy into acoustical energy through a piezo‐electric (pressure‐
electric) crystalline material that expands and contracts to produce 
sound waves when electrically excited (i.e., a series of pulse/echo 
sequences or vectors). After reflection from tissue, part of the ultra
sound energy returns to the transducer; the transducer then gener
ates an electrical impulse that is converted into moving p ictures [12]. 
All materials in the body reflect sound waves. Sound waves bounce 
back at various intervals depending on the type of material and the 
distance from the transducer. It is the variation in reflective sound 
waves that creates the ultrasound image on the console.

The intensity of reflected (or backscattered) ultrasound depends 
on a number of variables including the intensity of the transmitted 
signal, the attenuation of the signal by the tissue, the distance from 
the transducer to the target, the angle of the signal relative to the 
target, and the density of the tissue [5]. Several clinically relevant 
properties of the ultrasound image—such as the resolution, depth 
of penetration, and attenuation of the acoustic—are dependent 
on  the geometric and frequency properties of the transducer. 
The higher the center frequency, the better the axial resolution, but 
the lower the depth of penetration. For coronary imaging, because the 
transducer is close to the vessel wall, high ultrasound frequencies 
are used that are centered at 20–40 MHz. The use of high ultra
sound frequencies provides axial resolution between 80 and 120 μm 
and lateral resolution (dependent on imaging depth and beam 
shape) between 200 and 500 μm [5].

Equipment for IVUS examination
Two different transducer designs are commonly used yielding com
parable information: mechanically rotated and electronically acti
vated phased‐array. Mechanical probes use a drive cable to rotate a 
single‐element transducer at the tip of the catheter at 1800 rpm. 
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At approximately 1° increments, the transducer sends and receives 
ultrasound signals providing 256 individual radial scan lines for 
each image. The mechanical transducer has the advantage of a 
s imple design, greater signal‐to‐noise ratio, and higher temporal 
and spatial resolution. In electronic systems, multiple tiny trans
ducer elements in an annular array are activated sequentially to 
generate the cross‐sectional image [5,12].

The IVUS console contains numerous imaging controls such as 
zoom, gain, TGC (time‐gain‐compensation), gamma curves, com
pression and reject, and others. With both systems, still frames and 
video images can be digitally archived on local storage memory or a 
remote server using DICOM format.

Imaging artifacts
Artifacts often appear in images generated by contemporary 
IVUS  devices and can interfere in imaging interpretation and 
measurements.

Ring‐down
Ring‐down artifacts usually appear as a series of parallel bands or 
halos of variables thickness surrounding the catheter obscuring 
near field imaging. Phased‐array systems tend to have more ring‐
down artifacts (Figure 7.1).

Non‐uniform rotational distortion
Non‐uniform rotational distortion (NURD) arises from frictional 
forces to the rotating elements in mechanical catheters. NURD cre
ates stretched or compacted portions of the images. Because accu
rate reconstruction of IVUS two‐dimensional images is dependent 
on uniform rotation of the catheter, non‐uniform rotation can cre
ate errors during IVUS measurements (Figure 7.1) [13]. For practi
cal propose the mean lumen area tends to increase as the degree of 
distortion increases [14]. NURD artifacts can also occur because of 
bends in the catheter driveshaft or in the presence of acute bends in 
the artery.

Reverberations
Strong spatial tissue heterogeneity creates acoustic noise and pulse 
reverberations—multiple echoes reaching the transducer before the 
next pulse transmission to give rise to multiple copies of the 

a natomy (Figure  7.1). Reverberation artifacts are more common 
from strong echoreflectors such as stents, guidewires, guiding 
c atheters, and calcium (especially after rotational atherectomy).

Other artifacts
A few other artifacts can also interfere in IVUS interpretation; side 
lobes and ghost artifacts also generated from strong echoreflectors 
such as calcium and stent metal [5]. In longitudinal or L‐mode dis
play, catheter motion artifacts during the pullback results in a “saw 
tooth” appearance (Figure 7.2).

Catheter position also has an important role in image quality. Off‐
axis position of the catheter can alter vessel geometry in an elliptical 
fashion to mislead the operator to overestimate the lumen and vessel 
area [15]. Axial (antegrade–retrograde) movement of the IVUS 
probe during the cardiac cycle scrambles consecutive image slices 
that can have implications for three‐dimensional reconstruction 
and attempts to assess coronary artery compliance [16].

Image acquisition and presentation
Two important consensus documents have been published: 
Standards for the acquisition, measurement, and reporting of IVUS 
studies: a report of the American College of Cardiology Task Force 
on Clinical Expert Consensus Documents [12] and the Study Group 
on Intracoronary Imaging of the Working Group of Coronary 
Circulation and the Subgroup on Intravascular Ultrasound of the 
Working Group of Echocardiography of the European Society of 
Cardiology [17].

IVUS is displayed as a tomographic cross‐sectional view. A longi
tudinal view (L‐mode or long‐view) can be also displayed, but this 
should be done only when using motorized transducer p ullback. 
Longitudinal representation of IVUS images is useful for lengths 
measurements, for interpolation of shadowed deep arterial struc
tures (i.e., external elastic membrane behind calcium or stent metal).

There are advantages and disadvantages to using manual or 
motorized pullback; however, motorized pullback is usually pref
erable. Using motorized transducer pullback allows assessment of 
lesion length, volumetric measurements, consistent and systematic 
IVUS image acquisition among different operators, and uniform 
and reproducible image acquisition for multicenter and serial 
studies [18,19].

(a) (b) (c)

b

b

b

a

Figure 7.1 Three examples of artifacts. In (a), ring‐down artifacts in an electronic‐array system image, near‐field bright halos (arrows) close to 
the face of the catheter can obscure the area immediately adjacent to the catheter. In (b), non‐uniform rotation distortion (NURD) occurs only 
with mechanical systems. Part of the image is expanded causing deformation of the image in its circumferential view—the image appears 
elliptical (arrows). In (c), reverberations are repetitive echoes of the same structure. This is an example of reverberations from calcium. The arcs 
of calcium are indicated by the arrows a, and the false structures (reverberations) are indicated by arrows b.
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In standard image acquisition after anticoagulation and intra
coronary nitroglycerin administration, the IVUS catheter should be 
placed distal to the segment of interest (at least 10 mm of distal ref
erence), and a continuous pullback to the aorta should be recorded. 
The preferred pullback speed is 0.5 mm/s.

Normal artery morphology
The ultrasound appearance of normal human arteries in vitro and in 
vivo has been reported [3,7,20–22]. In muscular arteries such as the 
coronary tree there are three layers: intima, media, and adventitia. 
Normal intima thickness increases with age, from a single endothelial 
cell at birth to a mean of 60 μm at 5 years to 220–250 μm at 30–40 years 
of age [23]. The definition of abnormal intimal thickness by IVUS is 
still controversial; in general, the threshold of “normal intimal thick
ness” is <300 μm (0.3 mm). The innermost layer of the intima is 
relatively echogenic compared with the lumen and media and dis
played on the screen as a single bright concentric echo. The lower 
ultrasound reflectance of the media is due to its homogeneous smooth 
muscle cells distribution and smaller amounts of collagen, elastic tis
sue, and proteoglycans. The thickness of media histologically averages 
200 μm, but medial thinning occurs in the presence of atherosclerosis 
[24]. In advanced atherosclerotic disease, the media may not appear as 
a distinct layer around the full circumference of the vessel; media 
thickness of coronary arteries is inversely related to lesion thickness 
[25]. The intima–media border is poorly defined because the intimal 
layer reflects ultrasound more strongly than the media. Conversely, 
the media–adventitia border, consistent with the location of the exter
nal elastic membrane (EEM), is accurately defined because a step‐up 
in echo reflectivity occurs without blooming. The outermost layer, the 
adventitia, is composed of collagen and elastic tissue; it is 300–500 μm 
thick. The outer border of the adventitia is also indistinct due to echo 
reflectivity similar to the surrounding peri‐adventitial tissues [13,21]. 
Therefore, the normal coronary artery is either (i) “mono‐layered” in 
cases of intimal thickness <100 μm because of a 40 MHz IVUS cath
eter resolution is less than 100 μm; or (ii) “three‐layered” to include 
a bright echo from the intima, a  dark zone from the media, and 
bright surrounding e choes from the adventitia (Figure 7.3).

1 mm

a

Figure 7.2 Longitudinal image reconstruction (or L‐mode) is shown. 
There is excessive motion of the transducer a relative to the artery, 
causing zigzag or sawtooth appearance (white arrows). This artifact is 
more of a problem with the right and circumflex arteries, because of 
the wide atrioventricular groove movement between systole and 
diastole.

Mono-layer

Three-layer

adventitia

media adventitia

intima

Figure 7.3 Normal coronary artery morphology in cross‐sectional view. In the magnified image on the right, the bright inner layer (intima), 
middle echolucent zone (media), and outer bright layer (adventitia) are representative of the “three‐layered” appearance of intravascular 
ultrasound (IVUS). In the magnified image on the left, only the outer bright adventitial layer is representative of the “mono‐layered” 
appearance.



74 Part I Principles and techniques SectIon II Imaging and Physiology

Quantitative analysis
In non‐stented lesions there are two strong acoustic interfaces that 
are well visualized by ultrasound: the leading edge of the intima and 
the outer border of the media (or media–adventitia junction). 
Therefore, two cross‐sectional area (CSA) measurements can be 
defined by IVUS: the lumen CSA and the media–adventitia CSA 
(or EEM CSA). The atheroma or plaque&media (P&M) complex is 
calculated as EEM minus lumen; the media cannot be measured as 
a distinct structure. Thus, complete quantification of a non‐stented 
lesion is possible by tracing the EEM and lumen areas of the proxi
mal reference, lesion, and distal reference; calculating derived 
measures (minimum and maximum EEM and lumen diameters, 
P&M area and thickness, and plaque burden; P&M divided by 
EEM); and measuring lesion length (distance between the proximal 
and distal reference) (Figure 7.4).

In stented vessels, the stent forms a third measurable structure 
(stent CSA). It appears as bright points along the circumference of 
the vessel. Complete quantification of a stented lesion is possible 
by tracing the EEM and lumen areas of the proximal and distal 
reference and the EEM, lumen, and stent areas of the stented 
lesion; calculating derived measures (minimum and maximum 
EEM, stent, and lumen diameters; peri‐stent P&M area and thick
ness; and intra‐stent intimal hyperplasia [IH, area and %IH); and 
measuring stent length. With the use of motorized pullback, area 
measurements can be added to calculate volumes using Simpson’s 
formula.

Qualitative analysis
Grayscale IVUS has some ability to differentiate plaque com
position based on different echoreflectivity of the tissue. 
Atherosclerotic plaques are rarely homogeneous and contain a 
mixture of plaque components with different impedance (den
sity). A standard approach is to compare the echointensity or 
“brightness” of the plaque to the surrounding adventitia that is 
used as a reference. Three basic types of lesions are distinguished 
according to plaque echogenicity: (i) “soft” or hypoechoic plaque 
does not reflect much ultrasound and appears dark with less ech
ointensity compared to the adventitia (Figure  7.5); (ii) fibrous; 
and (iii) calcific plaques are characterized by equal or greater 
intensity than the adventitia. A plaque that is not so reflective as 
to cause shadowing is labeled “hard” or hyperechoic and is com
posed primarily of fibrous tissue (Figure  7.5). The presence of 
acoustic shadowing along with the  brightest echoes and rever
berations are characteristic of the presence of calcification 
(Figure 7.5).

Intimal hyperplasia due to in‐stent restenosis often appears to 
have low echogenecity depending, in part, on age and adjunct ther
apies (i.e., brachytherapy) (Figure 7.6).

The identification of thrombus is difficult by IVUS. It may appear 
as lobulated hypoechoic mass within the lumen, scintillating ech
oes, a distinct interface between the presumed thrombus imaging 
and underlying plaque, and blood flow through the thrombus 
(Figure 7.7).

Proximal reference MLA site Distal reference

P&M

EEM
Lumen CSA

Figure 7.4 IVUS measurements pre‐intervention in a non‐stented artery. The proximal and distal reference and minimum lumen area (MLA) of 
the lesion are shown. The IVUS study is shown in duplicate: one unlabeled and one highlighted with lines to illustrate quantitative analysis. The 
dashed line highlights each external elastic membrane cross‐sectional area (EEM CSA), and the solid line indicates each lumen interface (lumen 
CSA). The minimal lumen cross‐sectional area (lumen CSA) at the lesion site is 2.1 mm2. Between the EEM CSA and lumen CSA, the atheroma 
or plaque&media (P&M) complex is calculated.
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Comparison of IVUS and angiography
Coronary angiography depicts the coronary anatomy as a longitu
dinal silhouette of the lumen. Conversely, IVUS with its tomo
graphic perspective directly images the lumen, atheroma, and the 
vessel wall. Coronary angiography significantly underestimates 
the presence, severity, and extent of atherosclerosis compared to 
IVUS [19,26,27]. Furthermore, IVUS routinely shows significant 
atherosclerosis in angiographically “normal” segments in patients 
undergoing PCI [28]. This phenomenon may be explained by 
three major factors: (i) coronary atherosclerosis is often diffusely 
distributed involving long segments of the vessel containing no 
truly normal reference segment for comparison; (ii) complex ath
erosclerotic plaques are not appreciated by the two‐dimensional 
“silhouette”; and (iii), most importantly, the presence of arterial 
wall remodeling [12]. In some circumstances diffuse, concentric, 
and symmetrical coronary disease can affect the entire length of 

the vessel resulting in an angiographic appearance of a small artery 
with minimal luminal narrowing.

Coronary artery remodeling
Arterial remodeling of the vessel wall at the site of coronary plaques 
was originally described from necropsy examinations by Glagov 
et  al. [29] and later validated in vivo by IVUS imaging [30]. 
“Positive,” “outward,” or “expansive” remodeling is defined as an 
increased in arterial dimensions; and “negative,” “inward,” or “con
strictive” remodeling is defined as a smaller arterial dimension. 
Positive remodeling occurs as a compensatory increase in local ves
sel size in response to increasing plaque burden, especially during 
early stages of atherosclerosis [31]. An absolute reduction in lumen 
dimensions typically does not occur until the lesion occupies, on 
average, an estimated 40–50% of the area within the EEM (40–50% 
plaque burden) [29]. Conversely, negative remodeling has been 

a

b a
a

(a) (b) (c)

Figure 7.5 A pure soft or hypoechoic plaque is uncommon because atherosclerotic plaques are rarely homogeneous. (a) shows an example  
of a predominantly soft plaque—a thin fibrous cap (small arrows) and lipid core underlying it; the plaque is less bright than the adventitia a. 
In (b), fibrous plaque or hyperechoic plaque is shown. Hyperechoic plaque is as bright as or brighter than the adventitia a without shadowing. 
In this eccentric plaque, the thickness of the media behind the thickest part of the plaque b is an artifact caused by attenuation of the beam as 
it passes through the hyperechoic plaque. In reality, the media becomes thinner with increasing atherosclerosis. Note that the media behind the 
thinnest part of the plaque is also thinner—without artifacts. (c) shows superficial calcium—defined as calcium a that is closer to the intima than 
it is to the adventitia. Calcium shadows the deeper arterial structures; in this case, the arc of calcification is ~180°.

0 10.0 50.0 mm

ba

Figure 7.6 This patient presented with diffuse in‐stent restenosis (white arrow on angiogram). Neointimal tissue is packed around the IVUS 
catheter at a and b, where the maximum amount of intimal hyperplasia occurs. There is also stent malapposition proximally (white arrows). 
Source: Mintz 2005 [5]. Reproduced with permission of Taylor & Francis.
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implicated in the development of native significant stenosis in the 
absence of plaque accumulation (Figure 7.8) [32,33].

A number of definitions of remodeling have been proposed and 
published [12,30–36]. One definition compares the lesion EEM 
CSA to the average of the proximal + distal reference EEM CSA; 
positive remodeling is an index >1.0 and negative remodeling <1.0. 
A second definition defines positive remodeling as a lesion EEM 
greater than the proximal reference EEM, intermediate remodeling 
as a lesion EEM between the proximal and distal reference EEM, 
and negative remodeling as a lesion EEM less than the distal refer
ence EEM. Using a third definition, arterial remodeling has been 
calculated by a remodeling index (lesion/reference EEM); positive 
remodeling is an index >1.05, intermediate remodeling is an index 
of 0.95–1.05, and negative remodeling is an index <0.95.

It is important to note that all of these remodeling definitions 
are based on a comparison of the reference EEM and lesion EEM. 
Accordingly, because both reference and lesion sites may have 
undergone quantitative changes in EEM during the atherosclerotic 
process, the evidence of remodeling derived from this index is 
relative and indirect. It depends on the definition of the reference, 
and the classification of an individual lesion depends on the 
d efinition used.

More recently, Inaba et al. [37], have reported a novel concept of 
remodeling, in which positive (RI >1.0) and negative (RI <0.88) 
lesion site remodeling was associated with unanticipated non‐culprit 
lesion major adverse cardiac events in the PROSPECT study.

Unstable lesions
In patients with acute coronary syndromes, culprit lesions more 
frequently exhibit positive remodeling and a large plaque area; con
versely, patients with a stable clinical presentation more frequently 
show negative remodeling and a smaller plaque area [34]. 
Echolucent plaques are also more common in unstable than in sta
ble patients. In addition, unstable lesions have less calcium than 
stable lesions; and when present, calcific deposits in unstable 
lesions are small, focal, and deep [38]. Plaque ruptures can occur 
with varying clinical presentations although they are more often 
associated with acute coronary syndromes (Figure  7.9) [39]. 
Multiple ruptured plaques have been reported in patients with 
acute coronary syndromes; their prevalence, however, is the subject 
of controversy [40,41]. Typical IVUS features of acute myocardial 
infarction include plaque rupture, thrombus, positive remodeling, 
attenuated plaque, spotty calcification, and thin‐cap fibroatheroma 
(Figure 7.10) [42].

Attenuated plaque is defined as hypoechoic or mixed atheroma 
with deep ultrasound attenuation without calcification or very 
dense fibrous plaque. Wu et  al. [43] reported that 78% of the 
patients with acute myocardial infarction had attenuated plaques in 
the Harmonizing Outcomes With Revascularization and Stents in 
Acute Myocardial Infarction (HORIZONS‐AMI) trial. Lee et  al. 
[44] documented that attenuated plaque was observed in 39.6% of 
patients with ST‐segment elevation myocardial infarction (STEMI) 
and 17.6% of those with non‐ST‐segment elevation myocardial 
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Figure 7.7 An unstable plaque before (white arrow in a) and after balloon angioplasty (b). A new post‐balloon angioplasty filling defect at 
the origin of the acute marginal branch is shown (white arrow in b). Pre‐intervention IVUS (c) shows a lobulated and penduculated thrombus 
a and a distinct interface with the underlying vessel wall b. Post‐balloon angioplasty IVUS (d) shows the thrombus c that has embolized into the 
acute marginal branch d. Source: Mintz 2005 [5]. Reproduced with permission of Taylor & Francis.
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infarction (NSTEMI). Plaque ruptures and attenuated plaques are 
considered to be unstable and have been identified in both culprit 
and non‐culprit lesions of patients with (STEMI) [45]. 
Histopathologically, the vast majority of attenuated plaques corre
spond to either a fibroatheroma with a necrotic core or pathologic 
intimal thickening with a lipid pool; almost all segments with 
superficial echo attenuation indicated the presence of an fibroath
eroma with an advanced necrotic core [46]. Most importantly, 

attenuated plaque has been associated with the occurrence of 
microvascular obstruction after primary PCI [47], no‐reflow phe
nomenon [43], and with late acquired stent malapposition in 
patients with STEMI [48].

Intermediate lesions and left main coronary 
artery disease
Coronary angiography underestimates stenosis severity most mark
edly in arteries with a 50–75% plaque burden and in patients with 
multivessel disease [27,49]. In patients with stable coronary artery 
disease, fractional flow reserve (FFR) is the well‐established physi
ologic index to assess the functional significance of a coronary ste
nosis. Recent studies have used FFR ≤0.80 as the optimal cut‐off 
point to guide revascularization [50,51], and have reported correla
tion between FFR values and anatomic parameters (specially mini
mum lumen area; MLA) derived from IVUS or optical coherence 
tomography (OCT) [52–59]. Of the IVUS‐derived measurements, 
MLA cut‐off values to predict FFR had been widely reported [60]. 
The correlation between MLA cut‐off points and ischemic FFR 
threshold ranged from 2.0 to 3.9 mm2 in non‐left main coronary 
artery (LMCA) intermediate stenosis and from 4.5 to 5.9 mm2 in 
LMCA stenosis [60]. The FIRST (Fractional Flow Reserve and 
Intravascular Ultrasound Relationship) study, based on a multi
center, prospective registry in the USA and Europe proposed 
3.07 mm2 as a best cut‐off value to define the presence of myocar
dial ischemia [58]. In the largest sample‐size and international multi
center study with 822 patients (881 lesions), Han et al. [59] found 
that best cut‐off value of IVUS‐MLA to define the functional 

(a) (b)

(d)

(c)

Figure 7.8 An eccentric, calcific, and small plaque accumulation leading to negative remodeling. (a) and (c) refer to proximal and distal vessel 
references and their respective longitudinal views (white arrows in d). In (b) notice how the vessel cross‐sectional area (or EEM) is smaller than 
both the proximal and distal vessels. The longitudinal view depicts clearly the artery shrinkage at the lesion site.
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Figure 7.9 This patient presented with an acute coronary syndrome 
and a complex right coronary lesion (white arrows) and disrupted 
plaque by IVUS. The IVUS imaging run shows the residual fibrous cap 
a, the evacuated plaque cavity b, and the true lumen containing the 
catheter c.
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s ignificance (FFR <0.8) to be 2.75 mm2, further subgroup analysis 
showed that ethnicity influenced on the cut‐off value of MLA, it was 
2.75 mm2 in Asians and 3.0 mm2 in Westerners. A meta‐analysis 
of  11 studies comparing IVUS‐MLA with FFR for assessment of 
intermediate lesions showed that the weighted overall mean MLA 
cut‐off was 2.61 mm2 in non‐LMCA and 5.35 mm2 in LMCA to 
p redict a functional stenosis [61].

LMCA atherosclerosis is often underestimated by coronary angi
ography. Several studies have showed that a very high percentage of 
patients with angiographically normal LMCA have disease by IVUS 
[62–64]. Conversely, only that half of angiographically ambiguous 
LMCA stenosis had a significant stenosis, especially in ostial lesions 
[65]. The main reasons for the discrepancy between angiography 
and IVUS are the following: (i) diffuse atherosclerotic plaque 
involvement may lead to a lack of a normal reference segment; (ii) a 
short LMCA makes identification of a normal reference segment 
difficult; (iii) the presence of arterial remodeling; (iv) the correla
tion between angiography and necropsy or IVUS appears to be bet
ter in non‐LMCA lesions possibly because of unique geometric 
issues in the LMCA [66]; and (v) significant inter and intraobserver 
variability in the angiographic assessment of LMCA disease [67], 
especially in ostium location [68].

Other unusual lesion morphology
During coronary angiography it is common to encounter unusual 
appearing lesions that elude accurate characterization despite thor
ough examination using multiple radiographic projections. The use 
of IVUS allows accurate characterization of unusual morphology: 
filling defects, aneurysms, and spontaneous dissections. While 
most filling defects are true thrombi, a small percentage are highly 
calcified plaque (Figure 7.11) or even calcified nodules, an unusual 
form of vulnerable plaque.

In an IVUS analysis of 77 angiographically diagnosed aneu
rysms, 27% were true aneurysms (Figure 7.12), 4% were pseudo
aneurysms (Figure 7.13), 16% were complex plaques, and 53% were 
normal arterial segments adjacent to stenoses [59].

By IVUS, a spontaneous dissection appears as a medial dissec
tion with an intramural hematoma occupying some or all of the 
dissected false lumen without identifiable intimal tears and without 
a communication between the true and false lumens, typically in a 
non‐atherosclerotic artery.

In‐stent neoatherosclerosis has been recently described as an 
important mechanism of late stent failure (i.e., restenosis and stent 
thrombosis). The development of neoatherosclerosis appears to 
occur more frequently and much earlier following DES than bare 
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Figure 7.10 This patient presented with STEMI. Note a severe lesion in the angiogram after manual thrombectomy. The corresponding IVUS 
image shows the ruptured plaque cavity (a). Distal to the plaque rupture on the angiogram (b) is an echo‐attenuated plaque; attenuation is 
defined as shadowing or attenuation of the ultrasound signal (loss of echoes) in the absence of calcification. Also note positive remodeling. 
Normal reference vessel with three‐layer aspect (c).
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metal stent (BMS) implantation. Importantly, fibrous cap thickness 
negatively correlates with follow‐up time, especially after DES [69].

Guidance for stent implantation
Stent sizing
Pre‐interventional IVUS is performed to assess stenosis severity 
and plaque composition and distribution, measure reference vessel 
size, and measure lesion length. As a result, stent size can be chosen 
more accurately than solely by angiography. There are a number of 
paradigms that can be used. Stent size can be selected by identifying 
the maximum reference lumen diameter (proximal or distal to the 
lesion); it results in stent upsizing without an increase in complica
tions. At the other extreme, stents can be sized to the “true vessel,” 

“media‐to‐media,” or mid‐wall dimensions to reflect the amount of 
angiographically silent disease and, in most cases, the extent of 
positive remodeling, not just vessel size. Typically, this measure
ment will be larger than reference lumen reference and, thus, should 
be used only by experienced operators who understand its 
limitations.

IVUS measures lesion length more accurately than angiography 
because IVUS eliminates foreshortening, vessel tortuosity, or 
bend points.

Stent expansion and malapposition
IVUS studies have shown that lumen enlargement after stent 
implantation is a combination of vessel expansion and plaque redis
tribution/embolization, not plaque compression [70–72]. Plaque 

0 2.0 6.0 mm
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Figure 7.11 Diagnostic IVUS was performed to assess this angiographic filling defect at the proximal right coronary artery (white arrow in the 
angiogram). The IVUS imaging run begins at the ostium a of the right coronary artery to beyond the filling defect b. Note the calcification 
(white arrow in the IVUS) without lumen compromise. Source: Mintz 2005 [5]. Reproduced with permission of Taylor & Francis.
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Figure 7.12 This patient presented with a true saccular aneurysm in the right coronary artery. IVUS imaging shows the aneurysm a and the 
proximal vessel b. Note that the intima c, the media d, and the adventitia e are intact, making this a true aneurysm. Source: Mintz 2005 [5]. 
Reproduced with permission of Taylor & Francis.
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reduction in patients with acute coronary syndromes is attributed 
to plaque or thrombus embolization. Intrusion or prolapse of 
plaque through the stent mesh into the lumen is more common in 
acute coronary syndromes and in saphenous vein graft lesions. 
Importantly, after stent implantation there is a significant residual 
plaque burden behind the stent struts that almost always measures 
50–75% at the center of the lesion. Thus, the stent CSA always looks 
smaller than the EEM even when the stent is fully expanded.

Apposition refers to the contact between the stent struts to the 
arterial wall. Incomplete stent apposition is defined as one or more 

struts clearly separated from vessel wall with evidence of blood 
speckles behind the strut (Figure 7.14). There is no conclusive evi
dence suggesting that isolated acute incomplete stent apposition 
(in the absence of concomitant underexpansion) is associated with 
adverse clinical outcomes. The incidence of post‐procedural incom
plete stent apposition with DES has been reported comparable to 
that with BMS, ranging from 7.0% to 16.2% [73,74].

IVUS‐guided stent implantation and predictors 
of restenosis and thrombosis
The two main uses of IVUS are to insure optimal stent expansion 
(stent CSA) and full coverage of the lesion (especially with DES 
implantation). In the majority of pre‐ DES studies, IVUS use opti
mized stent expansion; and the initially larger minimum stent area 
(MSA) achieved was associated with a lower restenosis rate [75–83]. 
In a meta‐analysis by Parise et al. [84] evaluating 2193 patients from 
five randomized studies, IVUS guidance was associated with a sig
nificantly larger post‐procedure angiographic minimum lumen 
diameter (MLD), and was also associated with a significantly lower 
rate of 6‐month angiographic restenosis, a significant reduction in 
the revascularization rate, and overall major adverse cardiac events.

At the introduction of DES, the importance of optimal stent 
deployment was initially underestimated. Suboptimal stent expan
sion with both BMS and DES was a risk factor for restenosis and 
target vessel revascularization, but also for stent thrombosis [85–
88]. Roy et  al. [89] reported that IVUS guidance during DES 
implantation had the potential to reduce both DES thrombosis and 
the need for repeat revascularization. In this study, 884 patients 
undergoing IVUS‐guided DES implantation were compared with 
884 propensity‐score matched patients undergoing DES implanta
tion with angiographic guidance alone. At 30 days and at 12 months, 
a lower rate of definite stent thrombosis using the ARC definition 
was seen in the IVUS‐guided group (0.5% vs. 1.4%; p = 0.046) and 
(0.7% vs. 2.0%; p = 0.014), respectively. At 1 year, target lesion revas
cularization (TLR) was also lower in the IVUS‐guided group (5.1% 
vs. 7.2%; p = 0.07). A multicenter MAIN‐COMPARE registry of 
LMCA interventions showed that in 201 matched pairs of the over
all population, patients treated with IVUS‐guided DES implanta
tion had better 3‐year survival than patients in whom IVUS was not 
used to guide LMCA DES implantation (4.7% vs. 16.0%, log‐rank 
p = 0.048). Finally, a recent meta‐analysis of outcomes after IVUS‐
guided vs. angiography‐guided DES implantation in 26,503 patients 
enrolled in three randomized trials and 14 observational studies, 
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Figure 7.14 Acute stent malapposition. Notice the space between the stent strut and the intima and the blood speckle behind the stent struts a. 
Five stent struts are malapposed (white arrows). Because of stent malapposition, the stent area (9.4 mm2) is smaller than the lumen area (14.4 mm2). 
The post‐stent implantation IVUS image is shown in duplicate.
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Figure 7.13 This patient underwent a previous directional coronary 
atherectomy of a lesion, in the left anterior descending artery, during 
which the artery was perforated. Follow‐up catheterization showed 
both restenosis and a large aneurysm on angiography. The IVUS 
shows the body of the aneurism a and the eccentric proximal 
restenotic lesion b. Notice that the adventitia stops at the point of 
transition from the vessel to the aneurism c, indicating loss of vessel 
wall integrity and making this, in fact, a pseudoaneurysm. Source: 
Mintz 2005 [5]. Reproduced with permission of Taylor & Francis.
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demonstrated that IVUS‐guided PCI was associated with a signifi
cantly lower risk of TLR (odds ratio (OR) 0.81, 95% CI 0.66–1.00; 
p = 0.046). In addition, the risk of death (OR 0.61, 95% CI 0.48–
0.79; p <0.001), MI (OR 0.57, 95% CI 0.44–0.75; p <0.001), and 
stent thrombosis (OR 0.59, 95% CI 0.47–0.75; p <0.001) were also 
decreased [90].

Complications
IVUS has a higher sensitivity than angiography in identifying com
plications that can occur during PCI. Angiography tends to under
estimate the presence and extent of dissection. Stent edge dissections 
are common because the junction between stent metal and refer
ence segment tissue is a site of compliance mismatch. Edge dissec
tions are more common when the stent ends in a reference segment 
that contains: (i) both plaque and normal vessel wall; or (ii) both 
calcific (or hard) and soft plaque elements (Figure 7.15). Dissection 
may not be visible by IVUS if the true lumen is severely stenotic and 
the ultrasound catheter presses the flap against the arterial wall or if 
the dissection occurs behind a calcified plaque that prevents accu
rate morphologic definition. In general, the treatment of coronary 
dissection with stent implantation depends on the combination of 
angiographic assessment, flow assessment, and signs or symptoms 
of ischemia, and residual IVUS MLA. Treatment of dissections 

should be based on IVUS findings when they show evidence: 
(i) reduced lumen dimensions below the threshold for an optimum 
result; (ii) impingement of the dissection flap on the IVUS catheter; 
(iii) mobility; and (iv) increased length. In general, minor edge 
d issections should not be treated unless they result in lumen com
promise; the vast majority have healed when imaged at follow‐up.

Intramural hematoma is a variant of dissection. Blood accumu
lates in the medial space; the EEM expands outward, and the inter
nal elastic membrane is pushed inward to cause lumen compromise. 
Intramural hematomas are typically hyperechoic and crescent‐
shaped, with straightening of the internal elastic membrane [91]. 
In general, an intramural hematoma should be treated because of 
the propensity for propagation and lumen compromise.

Coronary perforation and rupture usually occurs with over
aggressive and/or oversized balloon dilatation although it can occur 
with a guidewire and stenting as well. In general, there are three 
distinct IVUS morphologic patterns indicating arterial rupture: 
(i) free blood speckle outside the EEM (Figure 7.16); (ii) extramural 
hematoma—an accumulation of blood outside the EEM; and 
(iii) less common, a new peri‐adventitial echolucent interface rep
resenting contrast extravasation [3]. Acute management includes 
conservative strategy of monitoring to prolonged balloon inflations, 
covered stents, and surgery.
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Figure 7.15 This patient presented with proximal edge dissection after coronary stenting. (a) depicts the proximal reference segment, 
which contains mild plaque. (e) shows the stent. Notice the tear into the lumen (arrow) and the dissection reaching the medial layer of the 
vessel (b, c, and d).
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Figure 7.16 This patient presented with in‐stent restenosis. After balloon dilatation, coronary perforation with myocardial contrast extravasa-
tion occurred, as seen by angiography (arrows). On IVUS, notice the small vessel with stenting at a distal site (image e) and the medial and 
adventitial discontinuation at the site of perforation (images b, c, and d, and arrows). Notice also an accumulation of blood outside the EEM a. 
One stent graft was implanted prior to IVUS assessment (image a), followed by an additional stent graft after IVUS assessment.
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Serial IVUS studies of restenosis
Restenosis
Serial IVUS studies have shown that the main mechanism of 
restenosis in non‐stented arteries is negative arterial remodeling 
(decrease in EEM area), not intimal hyperplasia [33]. Conversely, 
in‐stent restenosis is primarily due to neointimal proliferation, 
not chronic stent recoil. By IVUS, %IH (IH volume divided by 
stent volume) has been shown to be consistent for each stent type. 
DES reduce restenosis by reducing IH from an average of 30% in 
BMS [92] to 3–5% in sirolimus‐eluting stents (SES) [93,94], to 
8–13% in polymer‐based paclitaxel‐eluting stents [95], 16% in 
zotarolimus‐eluting stents [96], and to 6% in everolimus‐eluting 
stents [97].

Stent underexpansion is a common finding in restenotic stents. 
It is the result of poor expansion at implantation, not chronic stent 
recoil. In an analysis of over 1000 patients with BMS restenosis, 
15% had a MSA <4.5 mm2 and 25% had a MSA of 4.5–6.0 mm2. In 
addition, in 4.5% there were technical and mechanical complica
tions of stent implantation that contributed to the restenosis. 
Examples of mechanical complications have included (i) missing 
the lesion (e.g., an aorto‐ostial stenosis); (ii) stent “crush” 
(Figure 7.17); (iii) having the stent stripped off the balloon during 
the implantation procedure; or (iv) DES fracture (Figures 7.18 and 
7.19) [98,99].

Acquired late stent malaposition
Late stent malapposition (LSM) is usually caused by regional vessel 
positive remodeling (Figure 7.20). LSM has been reported in 4–5% 
after BMS implantation [74,100]. Studies have suggested a higher 
incidence of LSM after DES (especially after first‐generation DES) 
[101–105].

Hong et al. [74] showed in vivo that BMS implantation during 
primary PCI was an independent predictor of late incomplete stent 
apposition (ISA), but it was not linked to increased rates of adverse 
events at 3‐year follow‐up. Hoffmann et al. [103] studied the impact 
of LSM after SES implantation on 4‐year clinical events. This pooled 
IVUS analysis from three randomized trials comparing SES with 
BMS showed that LSM at follow‐up was more common after SES 
than after BMS (25% vs. 8.3%; p = 0.001); however, major adverse 
cardiac event free survival at 4 years was identical for those with 
and without LSM (11.1% vs. 16.3%, p = 0.48), and LSM was not a 
predictor for target lesion revascularization, target vessel failure, or 
late stent thrombosis during the 4‐year follow‐up period in either 
patient group.

Conversely, others have suggested that LSM can contribute to late 
stent thrombosis [106,107]. Cook et  al. [107] studied 13 patients 
presenting with very late stent thrombosis (>1 year) after DES 
implantation and compared them with 144 control patients who 
did not experience stent thrombosis. Compared with DES controls, 

a

Figure 7.17 Stent crush at the right coronary artery detected at IVUS follow‐up. Two stents have been implanted with a gap between them a. 
The proximal edge of the second stent has been crushed as shown on IVUS (arrows) but not on angiography.
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Fractured site DistalProximal

Figure 7.18 This patient presented with restenosis at follow‐up after Cypher™ stent implantation in the right coronary artery (arrows on 
angiogram). Note the stent fracture with acquired transection on fluoroscopy. On IVUS, all stent struts are seen at proximal and distal references, 
whereas at the fracture site only one stent strut is seen (arrow).
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Figure 7.19 Stent fracture by coronary CT angiography and IVUS (arrows) at the ostial right coronary artery 1 year after Xience V everolimus‐
eluting stent.
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patients with very late stent thrombosis had longer lesions and 
stents, more stents per lesion, and more stent overlap. Vessel cross‐
sectional area was significantly larger for the in‐stent segment 
(28.6 ± 11.9 vs. 20.1 ± 6.7 mm2; p = 0.03) in very late stent thrombosis 
patients compared with DES controls, denoting evidence of positive 
arterial remodeling. Although IVUS was not performed at stent 
implantation in any patients of either group, incomplete stent appo
sition was more frequent (77% vs. 12%, p <0.001) and maximal 
incomplete stent apposition area was larger (8.3 ± 7.5 vs. 4.0 ± 3.8 mm2; 
p = 0.03) in patients with very late stent thrombosis compared with 
controls. Guagliumi et  al. [108] demonstrated by combined IVUS 
and OCT assessments that the presence and magnitude of incom
plete stent apposition were significantly higher in patients with DES 
thrombosis than in those without. Alfonso et al. [109] also identified 
ISA in patients with ST using IVUS and OCT (ISA was identified in 
40% and 47% of patients, respectively). Kang et al. [110] performed 
OCT imaging in 33 patients with very late ST and found that in the 
DES group, 52% and 64% had ISA and thrombi, respectively, whereas 
no patients presented with ISA in the BMS group.

Flow disturbances and risk of delayed strut coverage both 
increase with incomplete stent apposition, especially with detach
ment distance >100 μm; suggesting a role of ISA in the pathogenesis 
of late stent thrombosis. Nevertheless, based on these studies with 
conflicting data, it is still speculative as to how to treat patients with 
IVUS or OCT findings of LSM.

Blood‐free environment obtained during OCT image acquisition 
along with its higher axial resolution provides a sharper delineation 
of the stent–lumen interface compared with IVUS [105]. Several 
studies demonstrated that OCT is superior to IVUS in detecting 
ISA. Yet, OCT allows a cross‐sectional and longitudinal level of 
assessment of strut‐level analysis, which enables the diagnosis and 
quantification of ISA in each individual strut— and IVUS does not. 
Although IVUS and OCT complement each other in the identifica
tion and characterization of ISA, OCT should be preferred in clini
cal practice, especially in an era of bioresorbable vascular scaffold 
(BVS) (Figure 7.21).

Virtual histology and IVUS radiofrequency
The major limitation of IVUS is its limited spatial resolution (axial 
resolution of 100–200 μm and a lateral resolution of 250 μm). 
Although it can visualize deep structures, IVUS is not a suitable 
imaging modality for detecting thin fibrous cap that is one of the 
main components of vulnerable plaques (TCFA). Grayscale IVUS 
not only accurately assesses plaque composition, but atherosclerotic 
plaques in most cases have a complex and heterogeneous composi
tion consisting of a mixture of plaque components [111]. These limi
tations have been partially overcome by analysis of the IVUS acoustic 
signal before demodulation and scan conversion. There are three 
modalities currently available: virtual histology IVUS (VH‐IVUS, 
Volcano Therapeutics, Rancho Cordova, CA, USA), iMAP‐IVUS 
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Figure 7.20 This patient underwent sirolimus‐eluting stent (Cypher™) implantation in a right coronary stenosis. The final angiogram is shown 
in (a) and (b). At follow‐up (c and d), there was a proximal and focal angiographic aneurysm (white arrows). Final (post‐stent implantation) IVUS 
image is shown in (e), and the follow‐up IVUS image is shown in (f). Note the late stent malapposition (a and b). At the site of maximum stent 
malapposition (b), there has been an increase in EEM CSA from 17.8 to 28.9 mm2. The stent CSA (8.8 mm2) and the peri‐stent P&M (8.9 mm2) 
have not changed. Source: Mintz GS, Weissman NJ. Intravascular ultrasound in the drug‐eluting stent era. J Am Coll Cardiol 2006; 48(3): 
421–429.
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(Boston Scientific, Santa Clara, CA, USA), and integrated backscatter 
IVUS (IB‐IVUS, YD, Nara, Japan).

To date, only VH‐IVUS has been commercialized in the USA, 
utilizing a spectral radiofrequency analysis of the backscattered 
ultrasound signal with a classification algorithm developed from 
ex vivo coronary datasets [112]. The reported accuracies are 91% 
for calcified regions, 93% for fibrofatty regions, 90% for necrotic 
regions, and 90% for fibrous regions. VH‐IVUS classified tissue as 
fibrous tissue (dark green), fibrofatty tissue (light green), necrotic 
core (red), and dense calcium (white) and lesions as pathologic 
i ntimal thickening (PIT), fibrotic, fibrocalcific, thick‐cap fibroath
eroma (ThFA), or thin‐cap fibroatheromas (TCFA) (Figure  7.22) 
[113,114].

VH‐IVUS data are collected with a 20‐MHz, 2.9 Fr phased‐array 
transducer catheter (Eagle EyeTM Gold, Volcano Therapeutics, 
Rancho Cordova, CA, USA) that acquires IVUS data that are 
ECG‐gated.

The potential value of VH‐IVUS‐derived plaque types in the pre
diction of future adverse coronary events was evaluated in the 
Providing Regional Observations to Study Predictors of Events in 
the Coronary Tree (PROSPECT) study [115]. This 697 patients 
study demonstrated that non‐culprit lesions associated with 

recurrent events were more likely than those not associated with 
recurrent events to be characterized by a plaque burden of ≥70%, a 
minimal luminal area of ≤4.0 mm2, or to be classified as TCFAs. 
Conversely, non‐fibroatheroma lesions were clinically stable and 
were rarely associated with clinical events during 3 years of follow‐
up [116]. In the VIVA study, Calvert et  al. [117] analyzed 170 
patients who were prospectively enrolled and underwent three‐ves
sel VH‐IVUS pre‐PCI and also post‐PCI in the culprit vessel. Non‐
culprit lesion factors associated with non‐restenotic major adverse 
cardiac events (MACE) included VH‐TCFA and plaque burden 
>70%. In addition, VH‐TCFA, plaque burden >70%, and MLA 
<4 mm2 were associated with total MACE. Thus, as shown in the 
PROSPECT and VIVA studies, prospective identification and char
acterization of atherosclerotic non‐culprit lesions in the coronary 
arteries is feasible with VH‐IVUS and is predictive of adverse 
c ardiovascular future events.

Plaque composition detected by VH‐IVUS was also associated 
with the occurrence of distal embolization after PCI. Several studies 
showed a relationship between the amount of necrotic core and 
d istal embolization [118].

Another commercially available system (outside of the USA) 
is  the iMAP software, which uses a 40‐MHz single rotational 

Figure 7.21 This patient underwent Absorb bioresorbable vascular scaffold implantation in proximal left anterior descending (LAD) and first 
diagonal. Co‐registered images by optical coherence tomography (OCT) and IVUS after device implantation; OCT shows mild incomplete 
scaffold malappostion and dissection behind the strut at 8 o’clock (C); IVUS was unable to identify.
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transducer (AtlantisTM SR Pro, Boston Scientific) to obtain the radi
ofrequency signal. iMAP uses a pattern recognition algorithm on 
the spectra that were obtained from fast Fourier transformation of 
the backscattered signals. Ex vivo validation demonstrated accura

cies at the highest level of confidence as: 97%, 98%, 95%, and 98% 
for necrotic, lipidic, fibrotic, and calcified regions, respectively 
(Figure 7.23) [119]. Preliminary study by our group has shown that 
the software can appropriately identify TCFA in patients with acute 

Thick-cap FA Thin-cap FA PIT FibrocalcicFibrous

Figure 7.22 Five types of phenotypes documented by virtual histology IVUS (VH‐IVUS). From left to right, thin cap fibroatheroma (TCFA), thick 
cap fibroatheroma (ThCFA), pathologic intimal thickening (PIT) and fibrocalficic plaques.
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Figure 7.21 (Continued)
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myocardial infarction. However, it is limited by the wire artifact, 
which overestimates the tissue component of the necrotic core 
[120]. A prospective natural history study of vulnerable atheroscle
rotic plaque using iMAP is lacking.

Integrated backscatter (IB) analysis is another tissue classifica
tion scheme based on radiofrequency analysis of the reflected ultra
sound signal. Comparison of IB‐IVUS to histopathology 
demonstrated that the sensitivity of IB‐IVUS for characterizing 
lipid pool, fibrosis, and calcification was 84%, 94%, and 100%, 
respectively, with specificity of 97%, 84%, and 100%, respectively. 
This system has been also shown capable to identify TFCA, and 
potentially be used to identify lesions with an elevated risk of myo
cardial infarction after PCI [121,122].

Conclusions
Grayscale IVUS provides (i) high quality, tomographic imaging of 
the lumen, the atheroma, and the vessel wall; (ii) incremental and 
more detailed qualitative and quantitative information than coro
nary angiography; (iii) practical guidance for percutaneous coro
nary intervention; and (iv) many clinical and research insights. 
IVUS has become an important part of DES studies, representing 
an effective way to understand the mechanisms, effects, and com
plications of stent technology. Grayscale IVUS may not accurately 
assess plaque composition. Variations of the traditional grayscale 
IVUS technique permit more detailed tissue characterization of 
atherosclerotic plaques. The most commonly technique used is 
referred to as VH‐IVUS, which is based upon the radiofrequency 
analysis of the backscattered ultrasound signal. Development of 
high‐definition IVUS, hybrid IVUS‐OCT imaging or integration of 
novel techniques, including IVUS and near‐infrared spectroscopy 
has great potential to improve our current ability to identify plaques 
at higher risk of rupture.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Optical coherence tomography
Intravascular optical coherence tomography (OCT) has emerged in 
recent years. This technology, originally described in the early 
1990s by David Huang, was first applied in the field of ophthalmol
ogy [1] and named OCT by James Fujimoto. In 1996, Brezinski 
et al. [2] published on the possibility of imaging coronary arteries 
with an OCT device. Subsequent advances in OCT technology ena
bled faster image acquisition rates, sufficient for its in vivo applica
tion in humans.

OCT is a high‐resolution imaging technology that employs a 
bandwidth in the near‐infrared spectrum with wavelengths ranging 
from 1250 to 1350 nm to probe micrometer‐scale structures in 
combination with advanced fiber‐optics to create images. The light 
that illuminates the vessel is absorbed and backscattered, or 
reflected, by the structures in tissue at different degrees, and images 
are formed by measuring the magnitude and time delay of a 
reflected backscattered light signal in a manner analogous to intra
vascular ultrasound (IVUS) [3]. The speed of light (3 × 108 m/s) is 
several orders of  magnitude faster than that of sound (1.5 × 103 m/s), 
and in OCT an interferometer is used to transmit the reflected light 
signal [4]. The interferometer shares the light source in two arms: a 
reference arm and a sample arm, which is directed toward the tis
sue. The images are created comparing the back‐reflected optical 
signal from the two arms (interference signal). Compared with 
IVUS, OCT offers a 10 times higher image resolution (with an axial 
resolution of 10–20 µm); however, this high resolution is at the 
expense of reduced penetration depth into tissue and the need to 
create a transient blood‐free field of view during imaging acquisi
tion. The tissue penetration is limited to 1–3 mm compared to 
4–8 mm achieved by IVUS.

OCT system
Early commercially available versions of the technology used time 
domain (TD) detection, while the second generation systems using 
Fourier domain (FD) has significantly improved the signal‐to‐noise 
ratio and allows high speed pullbacks with faster acquisition [5].

Time domain OCT
The M2/M2x TD‐OCT Imaging System (ImageWire™ LightLab 
Imaging Inc., Westford, MA, USA) was the first commercially 
a vailable OCT system. The first generation OCT (ImageWire™ and 
M2/3 OCT system; LightLab Imaging Inc.) incorporated an OCT 
imaging wire and an over‐the‐wire occlusion balloon. The OCT 
imaging wire had a maximum outer diameter of 0.019 inch (with a 
standard 0.014 inch radiolucent coiled tip) and contained a single‐
mode fiber‐optic core within a translucent sheath. An over‐the‐
wire low‐pressure occlusion balloon with distal flush ports was 
used to infuse saline at approximately 0.5 mL/s to selectively dis
place blood during acquisition [6]. Attempts were made to switch to 
a non‐occlusive technique for OCT image acquisition using a flex
ible catheter with a short monorail distal lumen, injecting manually 
or via a power injector through the guiding catheter. Because of the 
slow speed of acquisition, the automatic pullback speed had to be 
set between 1.0 and 3.0 mm/s, with cross‐sectional images being 
acquired at up to 20 frames/s resulting in 7 frames/mm or pitch of 
142 µm [6]; however, maximal pullback length under 20–30 mm, 
the maximal duration that flushing can be expected to last, was 
inadequate for routine use.

Fourier domain OCT
Fourier domain OCT (FD‐OCT) (Dragonfly DuoTM St. Jude/
LightLab Imaging Inc., and Fastview Terumo, Lunawave®) is the 
new generation of OCT systems which enables rapid imaging of the 
coronary arteries without occlusive acquisition. There are two types 
of FD‐OCT; spectral domain OCT (SD‐OCT), which relies on a 
broadband light source, and a spectrometer as a detector. In the 
l atter, the light source is a wavelength‐swept laser and receiver com
prises single‐element photodiodes. A frequency shifter is typically 
used to resolve otherwise degenerate positive and negative depths 
to the reference arm path length. These systems are also referred to 
as frequency domain OCT, optical frequency domain imaging 
(OFDI) [7]. Because of its fast acquisition mode, FD‐OCT systems 
can acquire images of long segments maintaining good longitudinal 
resolution during short injections.
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The optical probe is integrated into a short monorail catheter that 
can be advanced in the coronary artery over any conventional 0.014 
inch guide wire. The catheter profile varies from 2.4 to 3.2 Fr and 
are compatible with 6 Fr guiding catheters (in fact, these catheters 
can be inserted through 5 Fr guiding catheters as well, but then the 
speed of contrast flushing is often inadequate). The position and 
number of the radiopaque markers varies among different systems. 
During imaging, the optical fiber probe is pulled along the catheter 
sheath. The FD‐OCT frame rate is typically 100 frames/s, with a 
pullback speed of 20 mm/s, achieving 5 frames/mm or a frame pitch 
of 200 µm. Newer systems acquiring data at 180 frames/s markedly 
enabled high‐speed acquisitions, adequate for 3D reconstruction, 
of up to 10 cm and this image segment length, sufficient for com
plete assessment of most vessels. However, in spite of claims of bet
ter axial resolution, the tissue penetration remains limited to 
0.5–2.0 mm. Currently, available commercial systems for clinical 
use are the St. Jude/LightLab Imaging Inc., Westford, MA, USA and 
Lunawave Terumo, Tokyo, Japan. A summary of the characteristics 
of the OCT systems is shown in Table 8.1.

Post‐processing and interpretation of Z‐offset
Calibrating the system is an important phase of the OCT imaging, 
which is critical for accurate measurements. Although semi‐auto
mated calibration is standard with currently available systems, cali
bration can still be incorrect because of failed automated calibration, 
incorrect manual adjustment, or changes in length of the optic fiber 
caused by bending of the imaging wire and proximity to the vessel 
wall [8]. The Z‐offset is a manually adjustable image calibration, 
critical for accurate measurements. It is the zero‐point setting of the 
system that corrects the difference in the optical measurement 
between the sample and reference arms. The catheter diameter acts 
a reference for optimal Z‐offset determination within an image 
frame, aligning the marks to the outer surface of the catheter. 
Typically, calibration is made before starting image acquisition and 
repeated before the automatic measurement process is started.

Artifacts
Interpretation of OCT data and their application in clinical situa
tions is limited by image artifacts (Figure 8.1). Knowledge of these 
artifacts can be used to guide the operator to a better interpretation 
of the OCT images.

Shadowing Dense objects such as guidewires, metallic stent struts 
(Figure 8.1a), blood or lipid‐laden macrophage accumulations rap
idly attenuate or completely obstruct the OCT signal, leading to a 
loss of signal and no visualization behind them. Compensation 
algorithms attempt to reduce shadowing and improve signal from 
the deepest tissues [9].

Residual blood Blood contamination usually results from inade
quate flushing and can be prevented by using power injection through 
a pump at a speed greater than the maximal coronary flow (typically, 
4–6 mL/s in the left coronary and 2–4 mL/s for the right coronary 
artery). Residual red blood cells disturb the OCT light beam, reduc
ing the visibility and brightness of the vessel wall (Figure 8.1b); blood 
swirling along the vessel wall can be mistaken for thrombus.

Motion artifacts Physiologic phenomena such as cardiac motion, 
vessel pulsatility, or, to a lesser extent, catheter movement and respira
tory movements are associated with beam scanning or movement of 
the operator’s hand (Figure 8.1c). “Sew‐up” artifacts appear as a result 
of rapid vessel movement during imaging, but they are less prominent 
than in the much slower IVUS pullbacks and have become clinically 
irrelevant at the high pullback speeds of the newest OCT systems.

Non‐uniform rotational distortion Imaging modalities that use a 
mechanically rotated endoscopic probe to scan an artery often suf
fer from image degradation caused by a variation in the rotational 
speed of rotating optical components during image acquisition 
[10]. This occurs in the presence of acute angulations, tight hemo
static valve, kinking of the imaging sheath, a defective catheter, or 
while the catheter crosses a tight stenosis.

Saturation artifact These occur when the signal from a highly 
reflective surface exceeds the dynamic range of the detector 
(Figure 8.1d). The shape of signal appears distorted as linear streaks 
of high and low intensities along the axial direction. Stent struts and 
guidewires are the most common structures to cause this artifact.

Tangential signal dropout If the imaging beam strikes the tissue 
with a near parallel angle, a signal‐poor area with diffuse borders, 
covered by a thin signal‐rich layer arises (Figure 8.1e), and mimics 
a lipid‐rich plaque with a fibrous cap [11].

Table 8.1 Comparison of optical coherence tomography systems.

IVUS TD‐OCT FD‐OCT (St. Jude)
OFDI
(Terumo)

Energy wave Ultrasound Near‐infrared Near‐infrared Near‐infrared

Wavelegth (µm) 35–80 1.3 1.3 1.3

Axial resolution (µm) 100–150 15–20 10–15 10–20

Lateral resolution (µm) 150–300 25–40 20–30 20

Tissue penetration (mm) 4–8 1.5–2 1.5–2 1–2

Frame rate (frames/s) 30 20 180 158

Pullback speed (mm/s) 0.5–2 1–3 18–36 Up to 40

FD, Fourier domain; IVUS, intravenous ultrasound; OCT, optical coherence tomography; OFDI, optical frequency 
domain imaging; TD, time domain.
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Blooming artifact The intense signal generated by the reflection of 
light causes the appearance of a bright reflector maximized and dis
persed along the axial direction [12]. This is most commonly caused 
by stent struts, which appear thicker. Unlike IVUS where the lead
ing edge is the point used for measurements, the true edge of the 
strut lies somewhere in the middle of the blooming and this should 
be used in measuring the distance strut wall.

Bubble artifact These occur as a result of air bubbles in the catheter 
sheath. Bubbles also form in the silicon lubricant used to reduce 
friction between the sheath and the revolving optic fiber in TD‐
OCT systems [13]. Bubbles can attenuate the signal along a region 
of the vessel wall, and images with this artifact are unsuitable for 
tissue characterization (Figure 8.1f).

Multiple reflections This artifact is caused by the reflected surface 
of some catheters creating one or more circular line within the 
image (Figure 8.1g).

Strut orientation artifacts When the OCT catheter resides close to 
a stented artery wall, imaging metal coronary stents deployed 
appear as a bending of stent struts toward the imaging catheter. This 
so‐called sunflower effect occurs when the catheter occupies an 
eccentric position within the vessel lumen and the struts appear as 
a straight line, perpendicular to the imaging light beam and 
obliquely oriented to the luminal wall [14]. This artifact can cause 
misclassification of apposed struts as malapposed. Bioabsorbable 
vascular scaffolds (BVS) are not susceptible to this artifact.

Fold‐over artifact This artifact is more specific to FD‐OCT sys
tems. It occurs when the vessel is larger than the ranging depth, 
thus it is typically observed in large vessels or side branches. 

Consequently, the vessel might appear to be folded over in the 
image (Figure 8.1h).

Normal coronary vessel anatomy
With the exception of the left main stem, coronary arteries are mus
cular arteries and are histologically organized into three layers. The 
intima consists of a lining layer of endothelial cells supported by a 
subendothelial layer [15], which is exceedingly thin at birth and 
grows progressively with age, eventually reaching OCT resolution 
limits [16]. In OCT, the intima can be visualized as a signal‐rich 
luminal layer. The intimal thickens with age, and nearly all adult 
coronaries display an extent of intimal thickening [17]. There is no 
established cut‐off for the identification of pathologic intimal thick
ening; however, some authors use, rather arbitrarily, a cut‐off of 
300 µm to identify intimal thickening, and above 600 µm for patho
logic intimal thickening in the absence of a lipid pool or calcified 
region >1 quadrant [18]. The medial layer is a signal‐poor region 
isolated from the intimal layer by an internal elastic membrane and 
from the adventitia by an external elastic membrane. Occasionally, 
these layers can be visualized as highly backscattering structures at 
the intima–media and media–adventitia borders [12]. The adventi
tia is recognized as a heterogeneous high signal outer layer.

Plaque characterization
Atherosclerotic plaque components can be categorized by utilizing 
various optical properties of different tissues (Figure 8.2). Fibrous 
plaques are identified as homogenous, highly backscattering, low 
attenuation lesions. However, as emitted light is absorbed by lipids 
(low backscattering), which leads to a high level of posterior signal 
attenuation, plaques appear as poor signal regions with poor deline
ation. Calcifications are also regions of low backscatter (signal 
poor), but let light filter rather than absorb it, so that they maintain 

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 8.1 Frequent artifacts in optical coherence tomography imaging. (a) Shadowing of guidewire (asterisk) and stent struts. (b) Residual 
blood. (c) Motion artifact. (d) Saturation artifact. (e) Tangential signal drop‐out artifact. Please note that this artifact cause a signal‐rich area 
overlying a signal‐poor region in an area of adaptive intimal thickening. (f) Bubble in the catheter causes a shadow on the vessel wall (arrow).  
(g) Multiple reflections. (h) Fold‐over artifact.
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well‐delineated external borders. However, differentiation of 
s ignal‐poor areas is not always straightforward and calcium can be 
misinterpreted as lipids, particularly if the calcification is situated 
deep in the vessel wall.

An early ex vivo study established a sensitivity and specificity 
ranging 71–79% and 97–98% for fibrous plaques, 95–96% and 97% 
for fibro‐calcific plaques, and 90–94% and 90–92% for lipid‐rich 
plaques with low inter‐observer and intra‐observer variability [19]. 
However, other studies showed conflicting results. For instance, in 
an OCT study, only 45% of atheromas were identified, with higher 
identification percentages in fibro‐calcific and fibrous plaques of 
68% and 83%, respectively [20]. Misinterpretation in this study was 
mainly caused by low OCT signal penetration, which precluded the 
detection of lipid pools or calcium behind thick fibrous caps and by 
misclassification of calcium deposits for lipid pools and vice versa 
[20]. Furthermore, artifacts such as superficial shadowing and tan
gential signal dropout can produce images with signal‐poor regions 
covered by a thin signal rich layer mimicking thin‐cap fibroathero
mas (TCFA) [11]. Rather than relying only on subjective visual 
interpretations, algorithms based on the optical attenuation coeffi
cient to classify plaques quantitatively have been proposed; how
ever, as yet, these algorithms are not sufficiently robust to be used in 
the clinical setting [21].

OCT imaging can also demonstrate thrombi as protrusions or 
floating masses. Red and white thrombi can be identified via the 
differences in attenuation intensity, with red thrombi showing 
high attenuation and complete wall shadowing and white 
thrombi appearing as low attenuation intraluminal masses or 
layers [22].

Vulnerable plaque assessment
Imaging in acute coronary syndromes (ACS) includes ruptured 
plaques and histomorphologic features that can be detected by 
OCT (superficial lipids, fibrous cap thickness as well the presence 
of macrophages and neovascularization). Accurate in vivo detection 
of plaque components permits the detection of plaques at high risk 
of rupture. However, the limited penetration depth of OCT pre
cludes the evaluation of remodeling as well as the calculation of 
plaque burden.

A semi‐quantitative definition of the presence of superficial 
lipids in ≥2 quadrants is used to describe lipid‐rich plaques in OCT 
studies [23]. However, low penetration depth prevents accurate 
evaluation of the lipid core thickness.

Pathologic studies reported that ruptured plaques harbor a thin 
fibrous cap being <65 µm in 95% of ruptured plaques [24]. Using 
OCT, the fibrous cap can be detected as a high signal homogeneous 
band covering the lipid‐rich core. OCT was shown to provide accu
rate measurement of fibrous cap thickness (FCT) ex vivo [25]; pre
vious studies demonstrated thinner fibrous caps in patients with 
ACS [23,26]. However, there is no established in vivo OCT “clini
cally important” cut‐off for defining “thin” fibrous caps; current 
thresholds are obtained from histopathologic studies, raising con
cerns regarding possible tissue shrinkage during pathologic prepa
ration [27]. A study that aimed to evaluate the relationship between 
FCT and plaque rupture in vivo found that in 95% of ruptured 
plaques, the thinnest FCT was <80 µm and so the investigators pro
posed this value as an alternative in vivo threshold [28].

The progression of atherosclerosis and plaque vulnerability is 
critically affected by macrophages. Their accretion in atherosclerotic 

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 8.2 Plaque characterization with optical coherence tomography. (a) Normal coronary anatomy organized in three layers.  
(b) Lipid‐rich plaque; note possible macrophage accumulations around 3 o’clock. (c) Lipid‐rich plaque in a saphenous vein graft. (d) Fibrous 
plaque. (e) Calcification extending deep into the vessel wall between 4 and 11 o’clock. Outer border of the calcification cannot be delineated. 
(f) Calcification between 12 and 4 o’clock. (g) Thrombus protruding into the lumen. (h) Neovascularization (arrows).
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plaques can be identified as high signal regions appearing either 
distinct or confluent punctate visually. With dedicated software, 
OCT‐derived indices can be used to identify macrophages [29]. 
Nonetheless, macrophages should only be considered in the pres
ence of a fibroatheroma, because there have not yet been any studies 
to confirm macrophages on normal vessel walls or intimal hyper
plasia [12]. In addition, high speckle from microcalcifications or 
cholesterol crystals can also appear similar to macrophages [30].

Plaque neovascularization is considered as a feature of vulnerable 
plaques. These microvessels are inherently fragile and leaky, giving 
rise to local extravasation of plasma proteins and erythrocytes [31]. 
OCT reveals these vessels as small black holes in the atherosclerotic 
plaque [32]. The presence of these microchannels is associated with 
vulnerable features such as thin fibrous cap and positive remodeling 
[33]. In a larger study, similar results were reproduced only in cul
prit lesions of patients with ACS, not in non‐culprit lesions of 
patients with ACS or in stable patients [34]. Another study found 
no difference in the prevalence of microchannels in ACS and non‐
ACS patients; however, the closest distance from the lumen to the 
microchannel was shorter in ACS subjects than in non‐ACS [35].

OCT imaging over time can provide insights and therapeutic 
strategies for plaque stabilization. In an initial study, patients on 
preceding statin therapy were found to have a reduced incidence of 
ruptured plaques and a trend toward thicker fibrous caps [36]. The 
influence of statins on fibrous caps was further investigated in a 
study of 40 patients with previous myocardial infarction. FCT was 
found to increase in both the statin and control group over time, but 
more so in the statin group [37]; this was confirmed ensewhere 
[38]. Recently, atorvastatin therapy at 20 mg/day provided a greater 
increase in FCT than 5 mg [39]. In an additional study, despite com
parable reduction in total cholesterol and low density lipoprotein 
cholesterol levels with statin therapy in ACS patients, non‐culprit 
lesions without neovascularization showed greater increase in 
fibrous cap thickness than lesions with neovascularization at a 6–12 
months’ follow‐up [40]. These important insights into the operative 
mechanism of statins reveal qualitative arterial wall changes 

explaining stabilization without significant modification of angio
graphic lumen dimensions and only minimal volumetric plaque 
changes by IVUS [41–43].

Acute coronary syndromes
The presence of a disrupted fibrous cap alongside a cavity describes 
plaque rupture. Plaque rupture can be observed in a variety of clini
cal scenarios. One study revealed that plaque rupture, TCFA, and 
red thrombus are more frequent in patients with ST‐elevation myo
cardial infarction (STEMI). Additionally, the size of the ruptured 
cavities was greater and an aperture opposite to the flow direction 
was more frequent in patients with STEMI [44]. OCT also showed 
differences in the morphology of ruptured plaques in non‐STEMI 
and asymptomatic coronary artery disease (CAD) [45]. Pathologic 
studies suggest that ruptures do not necessarily lead to ACS, and 
ruptures can heal and cause plaque progression. Using OCT, healed 
plaques can be identified as multiple layers of different optical 
d ensities overlying a large necrotic core [46].

Although plaque rupture is the most common cause of ACS, 
more than 20–30% of events are caused by plaque erosion, or with 
the presence of superficial often protruding calcific nodules shown 
on OCT (Figure  8.3). Indeed, OCT can detect the presence or 
absence of plaque disruption and categorize plaque morphology 
in vivo [47] and the characterization of these plaques could aid in 
the derivation of alternative treatment strategies [48].

percutaneous coronary intervention
Angiography has been used as the gold standard to evaluate the 
presence, location, and severity of CAD; however, it is an analysis 
limited to the vessel lumen and has obvious drawbacks without 
offering direct information on the characteristics and composition 
of the coronary lesions. The widespread application of a non‐
occlusive technique using monorail OCT catheters, the high 
p ullback speed allowed by newer generation FD‐OCT systems, and 
the availability of semi‐automatic measurements have made OCT a 
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Figure 8.3 Plaque classification algorithm by optical coherence tomography (OCT). Plaque rupture is defined as the presence of fibrous cap 
discontinuity with a clear cavity formed inside the plaque. Definite OCT erosion is identified by the presence of attached thrombus overlying an 
intact and visualized plaque, whereas probable OCT erosion is defined by: (i) luminal surface irregularity at the culprit lesion in the absence of 
thrombus; or (ii) attenuation of underlying plaque by thrombus without superficial lipid or calcification immediately proximal or distal to the site 
of thrombus. The OCT calcified nodule is defined when fibrous cap disruption is detected over a calcified plaque characterized by protruding 
calcification, superficial calcium, and the presence of substantive calcium proximal and/or distal to the lesion. Source: Jia et al. 2013 [47]. 
Copyright (2013), with permission from Elsevier.
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potential alternative for guidance of percutaneous coronary inter
ventions (PCI), overcoming drawbacks of coronary angiography 
and avoiding the difficulties in interpretation and quantitation of 
IVUS (Figure 8.4). However, it is very important to understand that 
OCT and IVUS are not interchangeable intravascular techniques 
and that they have advantages, limitations, and differences in the 
way the procedure is guided via online measurements during the 
PCI procedure.

Because of the sharp delineation of lumen contours, OCT easily 
provides automatic lumen measurements. Accurate measurement of 
the reference lumen dimensions allows for optimal stent diameter 
selection, while the precise identification of the longitudinal extent 
of the atherosclerotic plaque facilitates selection of the most appro
priate stent length and landing zones. The visualization of stent 
expansion permits optimization with high pressure post‐dilatation, 
in the case of focal underexpansion readily demonstrated in the 
online lumen profile maps of modern OCT systems. In a recent 
study, which compared FD‐OCT, IVUS, and quantitative coronary 
angiography [49], the mean minimum lumen diameter measured by 
quantitive coronary angiography (QCA) was smaller than by OCT, 
which was smaller than that by IVUS, a result consistent with a pre
vious report [50]. Using a phantom model, investigators showed that 
mean lumen area (MLA) according to FD‐OCT was equal to the 
actual lumen area of the phantom model while IVUS overestimated 
the lumen area and was less reproducible than FD‐OCT. In addition 
to cross‐sectional measurements, FD‐OCT also provides accurate 
longitudinal measurements [51]. The main difference with IVUS, 
however, is the inability of OCT to measure the media‐to‐media 
diameter in most cases, with the rare exception of some distal refer
ence segments with very small plaque burden and vessel diameter.

OCT‐guided coronary intervention
Only a few studies have investigated the role of OCT guidance in 
PCI. Repeated examinations with OCT can be safely used to guide 
stent selection and improve stent expansion and apposition [52]. 

After full lesion predilatation, OCT pullback imaging suggested 
proceeding directly with stenting in 48% while in 52% advised fur
ther treatment. Out of the 207 pullback imaging after stenting, 14% 
suggested new stent implantation because of dissection or residual 
stenosis and 31% suggested further optimization with high pressure 
or larger sized balloon. A multicenter trial compared the outcomes 
of an angiographic‐guided strategy with an OCT‐guided strategy in 
670 patients [53]; OCT disclosed adverse features requiring further 
interventions in 35%. OCT guidance was associated with a signifi
cantly lower risk of cardiac death or myocardial infarction at 1 year, 
even after adjustment of important potential confounders. However, 
further investigations are needed to confirm whether the use of 
OCT improves clinical outcomes.

Apposition and malapposition
Strut apposition is a part of optimal stent deployment criteria and is 
defined as the contact of the stent struts with the arterial wall. 
Conversely, malapposition is defined as lack of strut‐wall contact. 
However, OCT detection of malapposition requires recognition 
that only the leading edge of the metallic stent strut is visible with 
OCT, therefore stent strut and polymer thickness for each type of 
drug‐eluting stent (DES) should be considered in assessing malap
position. Incomplete strut apposition is defined as a strut‐wall 
d istance greater than the strut thickness (metal plus polymer) with 
the addition of a correction factor, most often ~15 µm (usually 
ranging between 10 and 20 µm, up to 30 µm taking into account the 
axial resolution of the current OCT systems) [54]. Unlike metallic 
stents, BVS are transparent to light, therefore the abluminal border 
of the struts can be easily identified and incomplete strut apposition 
can simply be established as the presence of struts separated from 
the underlying vessel wall [55].

However, the clinical implications of stent malapposition remain 
controversial. Ultrasound studies found conflicting results in the 
correlation between stent malapposition and adverse clinical events 
[56–58]. According to a recent OCT analysis of 356 coronary 

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 8.4 Optical coherence tomography in coronary interventions. (a) Strut malapposition. Malapposed struts can be seen between 12 and 
6 o’clock. (b) Intracoronary thrombus formation during coronary intervention. (c) Edge dissection. (d) Tissue prolapse. (e) Neointimal coverage of 
stent struts in the follow‐up. (f) Intimal coverage of malapposed struts (arrow). (g) Neointimal hyperplasia. (h) In‐stent restenosis. (i) Bioabsorbable 
vascular scaffold (BVS). Note BVS struts are transparent to light. (j) BVS in the follow‐up.
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lesions that received a DES, acute stent malapposition was observed 
in 62% of lesions, approximately half of them being located within 
the stent edges [59]. Severe diameter stenosis, calcified lesions, and 
long stents were independent predictors of acute stent malapposi
tion. Acute stent malapposition with a volume >2.56 mm3 differen
tiated malapposition that persisted at follow‐up from stent 
malapposition that resolved. Moreover, in this study, long‐term 
clinical outcomes of late stent malapposition detected by OCT were 
favorable [59]. However, segments with acute incomplete strut 
apposition have higher risk of delayed coverage than well‐apposed 
segments. Acute incomplete strut apposition size (estimated as 
v olume or maximum distance per strut) was an independent pre
dictor of persistence of incomplete strut apposition and of delayed 
healing at follow‐up in 66 stents of different designs [60]. Strut 
malapposition can cause turbulent blood flow, which in turn can 
trigger platelet activation and thrombosis. In fact, incomplete strut 
apposition in addition to delayed neointimal healing of the stent 
and incomplete endothelialization of the struts is a common mor
phologic finding in fatal cases of late and very late stent thrombosis 
[57,61–63]. However, biological and mechanical factors (including 
levels of circulating endothelial progenitor cells or regional shear 
stress) can also have a role in neointimal healing and differences in 
percentage coverage cannot always entirely explain clinically overt 
stent thrombosis [63].

Tissue protrusion
In OCT, plaque protrusion is characterized by a smooth surface and 
no signal attenuation, and thrombus protrusion by irregular sur
face  and significant signal attenuation. Tissue protrusion is more 
frequently observed in the culprit lesions of acute coronary 
s yndromes, as unstable lesions contain soft lipid tissue and thrombi; 
its clinical significance of tissue protrusion is not clear.

Vascular injury: dissections
OCT is a very sensitive tool in detecting micro‐dissections and sub
clinical dissections [64]. Dissections occur more frequently when the 
plaque at the edge of the stent is fibro‐calcific or lipid‐rich than when 
is fibrous [65]. Nevertheless, currently there is no evidence that 
subclinical dissections carry adverse prognostic implications [66].

Guidance of complex lesion treatment
Bifurcations represent complex coronary lesions with high rates of 
acute and late stent failure. Knowing the reference diameter of the 
vessel distal and proximal to the side branch is critical in correct 
sizing of the stent and post‐dilatation balloon. In both simple 
(one  stent) or complex strategies of bifurcation stenting, OCT 
showed that the rate of malapposed struts is significantly higher at 
the side branch ostium than in the vessel side opposite to the 
ostium [67]. In a series of 45 lesions, OCT showed the persistence 
of malapposition was as high as 43%, despite consistent use of kiss
ing balloon dilatation and proximal optimization technique [68]. 
The overall rate of malapposed struts was significantly higher in the 
lesions treated with angiography‐guided than in those undergoing 
OCT‐guided PCI [68].

The position where the guidewire re‐crosses the stent struts into 
the side branch (i.e., proximal, mid, or distal cell) has been demon
strated to be one of the most important factors for strut apposition 
in the side branch ostium after balloon dilatation. Crossing to the 
side branch through a proximal cell provides no scaffolding of 
the side branch ostium and leaves many struts unapposed near the 
carina, reducing the strut‐free side branch ostial area and current 

recommendations suggest attempting to re‐cross the wire through 
the most distal cell of the main vessel stent in order to efficiently 
open a stent at the side branch ostium [69]. The feasibility and 
effectiveness of OCT‐guided stent re‐crossing compared with angi
ography guidance has been evaluated in a 52 patients [70]; the 
OCT‐guided group showed a significantly lower number of mala
pposed stent struts, especially in the quadrants toward the side 
branch ostium (9 vs. 42%; p <0.0001).

Three‐dimensional (3D) reconstruction of OCT images is also 
potentially useful to assess the spatial aspect of bifurcation stenting 
[71–75] and using 3D‐OCT reconstruction, the side branch guide
wire can be easily tracked. The clinical application of high quality 
off‐line 3D‐OCT to optimize side branch opening by identifying 
the configuration of overhanging struts in front of the side branch 
ostium according to the presence of the link between hoops at the 
carina and the appropriate distal cell for the re‐crossing position 
has been evaluated in 22 patients [76]. This study showed that 3D‐
OCT confirmation of the re‐crossing into the jailed side branch is 
feasible during PCI and helps to achieve distal rewiring and favora
ble stent positioning against the side branch ostium, leading to 
reduction in incomplete strut apposition and potentially better 
clinical outcomes [76]. Finally, OCT has also been used to assess the 
procedural success of new bifurcation stenting (i.e., dedicated side 
branch stents) [77].

For other complex lesions, such as chronic total occlusions, after 
recanalization OCT can assess extent of calcific and fibrotic 
changes and detect the presence of subintimal wire positions, distal 
dissections, and double channels.

Assessment at follow‐up
The possibility to detect tissue coverage and neointima formation 
in DES over time is one of the most important current research 
applications of OCT studies investigating the underlying mecha
nisms implicated in stent failure, such as stent thrombosis, in‐stent 
restenosis, and neoatherosclerosis; delayed neointimal healing has 
been considered a possible underlying substrate of fatal stent 
thrombosis [61,78]. The percentage of uncovered stent struts repre
sented the best morphometric predictor of late DES thrombosis and 
the risk increases with the percentage of uncovered stent struts per 
section [61].

An important caveat is the inability of OCT to detect thin layers 
of neointima below its axial resolution and to differentiate between 
neointima (smooth muscle cells and matrix) and other pathologic 
components such as fibrin or thrombus. The latter becomes an 
issue at very early phases after stenting, when the prevalence of 
struts covered by fibrin is high. Thus, DES are completely covered 
with fibrin, rather than a neointima, 1–3 days after implantation, 
but the low discriminative power of OCT results in false coverage 
rates of 45–76% [79]. Moreover, fibrin coverage might persist 
longer with DES. The analysis of optical density might aid discrimi
nating between neointima and fibrin [79,80]. However, as the great
est interest is to assess intimal coverage at late follow‐up, when the 
prevalence of fibrin‐covered struts is low, the practical impact of 
this limitation is minimal. Significant differences exist in stent strut 
coverage and apposition between various DES at 3–12 months post 
implantation and this could explain the different clinical results 
obtained with second generation compared with first generation 
DES [81]. This is possibly due to the thickness and biocompatibility 
of the polymer that could be responsible for triggering inflamma
tory reactions or the different strut thickness and cell design. 
The analysis of strut coverage by OCT has contributed to a better 
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understanding of the vascular healing process after BVS implanta
tion showing its unique potential in vascular repair, such as late 
lumen enlargement and plaque media reduction [82,83].

In‐stent restenosis and neoatherosclerosis
OCT offers data concerning the underlying pathophysiology that 
contributes to in‐stent restenosis (ISR), such as stent underexpan
sion, strut fracture, and strut distribution. OCT is additionally 
capable of assessing the specific lumen shape and neointimal tissue. 
Yet, because of reduced tissue penetration of OCT, plaque behind 
the stent struts is poorly visualized [84]. OCT accurately measures 
the percentage of neointimal volume obstruction, which is conven
tionally evaluated with IVUS to portray any neointimal hyperplasia 
inside the stents, and has become a standard in trials assessing the 
efficacy and safety of novel stents [85].

Various ISR tissue patterns have been defined based on optical 
homogeneity (homogenous, heterogeneous, and layered), resten
otic tissue backscatter (high, low), visibility of microvessels, lumen 
shape (regular, irregular), and the existence of intraluminal compo
nents [86]. Bare metal stents are associated with homogenous 
p atterns, whereas DES are typically associated with heterogeneous 
patterns [87,88]. Furthermore, hyperplastic tissue evolution into 
neoatherosclerosis can be evaluated by OCT; this is important, 
because there has been emerging data claiming the relevance of late 
de novo neoatherosclerosis in late ISR or thrombosis [89,90].

In ISR, OCT can also be used to precisely follow the irregular 
lumen contour after cutting balloon and to guide cutting balloon 
sizing. In particular, OCT can confirm if cutting balloons have 
scored the plaque up to the stent at multiple points, which greatly 
facilitates extrusion and lumen expansion. This is possible because 
metal struts are powerful enough light reflectors to be visualized 
through very thick plaques. Through an OCT‐guided cutting 
b alloon strategy, intimal hyperplasia was reduced from 69% to 25% 
in the minimal lumen area segment allowing better preparation for 
stent deployment or drug‐eluting balloon dilatation [54].

Bioabsorbable vascular scaffolds
Bioabsorbable drug‐eluting scaffolds have emerged as a potential 
major breakthrough for treatment of symptomatic coronary artery 
lesions showing unique potential in vascular repair with restoration 
of vasomotion, reduction of plaque thickness, and compensatory 
late lumen enlargement. OCT has been used since the first implants 
of BVS to study the vessel wall response [82,83] and the timing of 
the resorption process [91]. Unlike metallic stents which are power
ful light reflectors and induce posterior shadowing and blooming 
artifacts on the vessel surface, polymeric struts of BVS are transpar
ent to the light so that scaffold integrity, apposition to the underly
ing wall, and changes in the strut characteristics over time can be 
easily studied. OCT has been used to compare the acute perfor
mance of this new device with that of second‐generation DES in the 
treatment of complex coronary artery disease in a real‐world setting 
[92], as well as device‐specific complications, such as BVS rupture.

Near‐infrared spectroscopy
Atherosclerotic plaque formation is the consequence of inflamma
tion and extracellular matrix formation as well as cholesterol depo
sition in the vasculature. This process involves the retention of 
highly atherogenic lipoproteins in the intima of the arterial wall. 
These lipoproteins accumulate and are modified further deep in the 
abluminal part of the intima. Altered lipids attract proteolytic 

enzyme‐producing macrophages to their site, which engulf the 
lipids and leave behind a soft and unstable core that is highly abun
dant in foam cells and lipids [31]. Cholesterol, whether esterified or 
unesterified, forms the major part of the lipid core. Histologic stud
ies as well as studies with intravascular imaging have depicted the 
association of the presence of lipid‐laden plaques with the risk of an 
ACS and increased peri‐interventional complications. The ability to 
detect lipid‐rich plaques in patients is therefore of great clinical 
significance.

Near‐infrared spectroscopy (NIRS) is widely used in many disci
plines to identify the chemical composition of unknown substances. 
It utilizes the absorbance and reflectance of near‐infrared light from 
an illuminated targeted area to derive the presence of the target 
s ubstance. This method is a simple quick technique that provides 
multiconstituent analysis, and requires no sample preparation or 
manipulation with hazardous agents [93]. Studies have documented 
the ability of NIRS to accurately identify lipid‐core atherosclerotic 
plaques in animal models or autopsy specimens and finally, after 
in vivo and ex vivo validation studies [94,95], the intraluminal spec
troscopy catheter was developed and marketed.

System description
Initially, intracoronary NIRS was developed as an independent 
imaging modality, but a major drawback was the inability to pro
vide spatial orientation to match the lipid content alongside the 
plaque distribution. However, current co‐registered NIRS‐IVUS 
catheters (TVC Imaging System, InfraReDx Inc, Burlington, MA, 
USA) provide data regarding both the vessel structure and the 
plaque composition.

After completion of an automatic pullback, data are processed 
displaying a two‐dimensional map of the vessel, revealing the prob
ability of the presence of a lipid core plaque (LCP), with the pull
back position in millimeters on the x‐axis and the circumferential 
position on the y‐axis. This display is known as the “chemogram.” 
For each pixel of 0.1 mm and 1°, length and angle respectively, the 
lipid core probability is calculated from the spectral data collected 
and semi‐quantitatively coded on a color scale from 0 for red and to 
1 for yellow. Whenever a pixel lacks sufficient data, for instance the 
guidewire is shadowing, the pixel appears black.

The block chemogram, also created from the NIRS images, com
bines the results for each 2‐mm section of the artery to create a 
“virtual block” that summarizes and reflects the probability of LCP 
intervals. The numeric value of each block produced is the 90th 
percentile of all pixel values obtained in the corresponding 2‐mm 
section of the artery in the chemogram. Here, the red coloration 
indicates a low probability of an LCP, whereas yellow coloration 
determines a higher probability of an LCP, alongside the intensity of 
the color reflecting the amount of cholesterol present. In isolation, 
the block chemogram specifically adapts a four‐color scale method 
of analysis (red (p < 0.57), orange (0.57 ≤ p < 0.84), tan (0.84 ≤ p 
< 0.98) and yellow (p ≥ 0.98)) that reflects the probability of the 
existence of an LCP in each 2‐mm block of pullback which aids the 
overall visual interpretation. Spectral data are paired with corre
sponding IVUS frames, overall displayed as a ring around the IVUS 
image. The lipid core burden index (LCBI) measures the portion of 
pixels that exceed an LCP probability of 0.6, in all viable pixels 
within the scanned region, multiplied by 1000. This is a quantitative 
measure of the intensity of yellow pixels present on the chemogram. 
The LCBI values vary from 0 to 1000 and the maximum value of 
LCBI for any of the 4‐mm segments along the analyzed segment is 
defined as the maxLCBI4mm.
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Potantial clinical uses
Determination of high‐risk plaque
The necrotic core region has an abundance of lipid deposition and 
lacks mechanical stability because of the degradation of fibrous tis
sue and disappearance of cells. The size of the necrotic core has 
been significantly associated with the likelihood of plaque rupture. 
In a previous pathologic study of aortic plaques, ulceration and 
thrombosis were characteristic of plaques with >40% of their vol
ume occupied by extracellular lipids [96]. As the lipid core increases 
plaque vulnerability, the NIRS can potentially be used to identify 
high risk plaques (Figure  8.5). It has been shown that the target 
lesions responsible for ACS were in most cases lipid‐rich plaques; 
additionally, patients with ACS commonly harbored remote, non‐
target lipid‐rich plaques [97]. In another study in patients with 
STEMI, maxLCBI4mm > 400 in NIRS accurately distinguished culprit 
from non‐culprit segments within the artery and from the lipid‐
rich plaque‐free autopsy histology segments [98]. In a recently pub
lished prospective observational study, NIRS imaging was 
performed in a non‐culprit coronary artery in 203 patients referred 
for angiography due to stable angina pectoris or ACS. It was shown 
that the 1‐year cumulative incidence of a cardiovascular event in 
patients with an LCBI equal to or above the median value (43.0) was 
significantly higher than those with an LBCI value below the 
median [99].

Prevention of peri‐procedural myocardial infarction and optimizing 
interventions Peri‐procedural myocardial infarction can be related 
to distal embolization of LCP component, contents, and/or intrac
oronary thrombus. In a sub‐study of COLOR (Chemometric 
Observation of Lipid Core Plaques of Interest in Native Coronary 
Arteries) registry, the cardiac biomarkers in 62 stable patients 
undergoing stenting were evaluated. Findings revealed that 7 out of 
14 (50%) patients with a maxLCBI4mm ≥500 developed peri‐procedural 

myocardial infarction in comparison with the occurrence of this in 
only 2 out of 48 (4.2%) patients with a < maxLCBI4mm [100]. In a 
study by Raghunathan et al. [101], in which a creatinine kinase‐MB 
increase >3 times the upper normal limit was observed in 27% of 
patients with a ≥1 yellow block as opposed to none of the 
patients without a yellow block within the stented lesion. Similarly, 
in the CANARY (Coronary Assessment by Near‐infrared of 
Atherosclerotic Rupture‐prone Yellow) trial, patients with peri‐
interventional myocardial infarction had higher maxLCBI4mm than 
patients without MI [102]. However, preventive measures for this 
situation remain uncertain. The use of a distal emboli protection 
device frequently resulted in embolized material retrieval during 
intervention in a small group of patients with LCP [103]; however, 
there was no benefit of this adjunctive treatment in the randomized 
CANARY trial.

A prospective use of NIRS in catheterization laboratories is in 
stent sizing to ensure adequate lesion coverage. Visual evaluation of 
lesions by angiography occasionally lack accuracy and using NIRS, 
Dixon et al. [104] demonstrated that in 16% of the lesions assessed 
in their study, the LCP extended beyond the angiographic margins 
of the initial target lesion. Therefore, together with the information 
provided by IVUS, NIRS data can be used for determining the size 
and length of the artery to be stented.

Guiding the  effects of  treatment The effects of current or novel 
agents that modify plaque composition can be evaluated using 
NIRS, because it is able to assess the lipid content over time. The 
YELLOW trial recruited patients with multivessel CAD undergoing 
PCI. After NIRS and IVUS baseline assessment, patients were ran
domized to either rosuvastatin 40 mg/day versus the standard of 
care lipid‐lowering therapy. After 7 weeks of short‐term intensive 
statin therapy, a significant reduction in the lipid content was found 
when measured via max LCBI4mm [105].
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Figure 8.5 A 39‐year‐old man was admitted with unstable angina. Angiography showed significant lesions in right and left anterior descending 
arteries. After post‐dilatation, near‐infrared spectroscopy–intravenous ultrasound (NIRS‐IVUS) imaging was performed, which revealed lipid core 
plaque in the mid‐ and distal left anterior descending (LAD) (b and c). Proximal segments were relatively disease free (a). Right coronary artery 
(RCA) also harbored lipid core plaques.
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Ongoing trials
The prospective multicenter PROSPECT II trial aims to collect the 
post‐PCI NIRS/IVUS data of patients with ACS and evaluate the 
prognostic value of LCBI >400 to evaluate in the 2‐year follow‐up. 
The Lipid‐Rich Plaque Study will enroll 9000 patients presenting 
for a coronary angiography where an IVUS and/or NIRS evaluation 
is planned or could be added as part of a clinically indicated evalu
ation. Here, the primary outcome to be investigated is the predic
tion of the non‐culprit lesion‐related major adverse cardiac events. 
The IBIS‐3 study aims to test the effect of high‐dose rosuvastatin in 
improving the plaque composition of non‐intervened coronary 
arteries as well as the progression of their necrotic core volume 
assessed with VH‐IVUS and NIRS.

Near‐infrared fluorescence molecular 
imaging
A limitation of current intravascular imaging approaches such as 
OCT or IVUS is the inability to assess specific biologic processes in 
the coronary arteries of living subjects. Molecular imaging is a rela
tively new field that aims to image specific molecules and cells 
involved in the pathogenesis of vascular disease, including mac
rophages, endothelial cell adhesion molecules, fibrin, and coagulation 

factor XIII activity [106,107]. Molecular imaging requires injectable 
targeted imaging agents that bind a specific molecular or internalized 
within a cell. These agents can then be detected by an appropriate 
hardware imaging system, including positron‐emission tomography 
(PET), magnetic resonance imaging (MRI), single‐photon emission 
tomography (SPECT), ultrasound and, more recently, fluorescence 
imaging systems.

While PET and MRI molecular imaging approaches appear 
promising for large arterial beds (e.g., carotids, peripheral arteries), 
the smaller size of the coronary arteries dictates an intravascular‐
based imaging approach to achieve sufficient sensitivity and resolu
tion. To meet this need, optical‐based imaging using near‐infrared 
fluorescence (NIRF) has evolved to serve as a promising coronary 
artery‐targeted intravascular imaging platform. The NIR window 
(650–900 nm) is advantageous for fluorescence imaging as this 
 window exhibits reduced blood absorption and scattering, and 
reduced background tissue autofluorescence, which serves to 
increase the ability to detect NIRF molecular imaging agents in vivo.

Over the past 7 years, several intravascular NIRF systems have 
been engineered, including a one‐dimensional wire spectro
scopic‐based system, a standalone two‐dimensional imaging sys
tem, and most recently, a combined NIRF‐OCT imaging system 
[108–110]. These preclinical investigations provided the first 

(a) (b) (c)
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Figure 8.6 Intravascular near‐infrared fluorescence molecular imaging of plaque inflammation integrated with exactly co‐registered OCT. A 
dual‐modal near‐infrared fluorescence (NIRF) OCT catheter was evaluated in inflammatory atherosclerosis in the rabbit aorta, a vessel of similar 
caliber to the human coronary artery. Twenty‐four hours after an intravenous injection of Prosense VM110, a NIRF molecular imaging agent that 
reports on cathepsin protease activity in atheroma, in vivo intravascular NIRF‐OCT was performed. NIRF revealed augmented protease activity in 
OCT‐defined atheroma, with substantial inflammation heterogeneity seen across atheroma (a,d). The OCT catheter is seen in the middle of the 
image; the NIRF signal intensity (representing quantitative protease inflammatory activity) is represented by a color scale bar mapped on to the 
luminal border. The NIRF‐OCT findings were confirmed by histology (H&E, middle column b and e), and cathepsin B immunohistochemistry 
(right column, c and f). Source: Yoo et al. 2011 [110]. Reproduced with permission of Nature Publishing Group.
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Case Study

A 61‐year‐old man with a history of hypercholesterolemia pre
sents with typical chest pain on exertion. Diagnostic angiogram 
showed a chronic total occlusion of the right coronary artery 
(RCA), in addition to critical stenoses in left circumflex (LCx), 
obtuse marginal (OM), and mid portion of the left anterior 
descending (Figure 8.7). The operator decided to proceed with 
coronary intervention.

He started with predilating LCx with a 2.0 × 20 mm percu
taneous transluminal coronary angioplasty (PTCA) balloon, 
into the OM1. Lesions were, then, covered by a 2.5 × 28 mm 
bioresorbable vascular scaffold (BVS), which post‐dilated 
with a 3.0 × 8 mm necrotic coreballoon in the proximal part. 
Angiogram showed excellent results (Figure 8.8). The opera
tor decided to perform an optical coherence tomography 
(OCT) imaging to better evaluate the results with BVS. 
However, OCT reveals malapposed struts in the proximal 

part of the scaffold (Figure  8.9), which was corrected with 
further post‐dilatation and confirmed by a second OCT 
 pullback (Figure 8.10).

He then proceeded with the LAD intervention and implanted 
a 3.0 × 28 mm BVS. This was post‐dilated by a 3.0 × 8 mm 
necrotic coreballoon at high atmospheres. Angiogram showed 
good results (Figure 8.11). He, again, performed an OCT pull
back. Despite good angiographic results, OCT revealed a distal 
edge dissection, which was treated by implanting another BVS 
(Figure 8.12). Moreover, although blood clearance was insuffi
cient in the proximal part, underexpansion of the BVS was evi
dent in this segment. A second post‐dilatation was performed 
using a 3.5 × 8 mm necrotic coreballoon.

Patient was discharged the following day without complica
tions. Chronic total occlusion of the RCA was successfully 
opened in a staged procedure.

Figure 8.7 Angiogram of the left coronary system showed critical stenoses (arrows). The right coronary was totally occluded.

demonstrations that inflammatory protease activity in atheroma, 
and fibrin deposition on stents, could be specifically imaged in vivo 
in the aorta of rabbits, which have a similar dimension to human 
coronary arteries. The most recent NIRF‐OCT system has the fur
ther advantage of providing simultaneous anatomic information 
that is precisely co‐registered with NIRF molecular information, 
which further allows quantitative NIRF imaging (Figure  8.6). 
Similarly to NIRF‐OCT, a NIRF‐IVUS catheter has been developed 
but has not been tested in vivo through blood yet [111].

Clinical translation
NIRF‐OCT imaging system Recently, investigators performed the 
first human coronary imaging studies of patients using a clinically 
approved NIRF‐OCT catheter [112]. While this catheter was used 
to detect plaque NIR autofluorescence, or NIRAF (no imaging 
agent was injected), the ability to safely acquired NIRF‐OCT 

images is a major step forward in realizing intracoronary molecular 
imaging.

NIRF molecular imaging agents In addition to having a clinically 
approved catheter, clinical NIRF molecular imaging agents will be 
required. A promising candidate is indocyanine green (ICG), an 
amphiphilic molecule that has been FDA‐approved for decades to 
study cardiac, hepatic, and retinal blood flow. In 2011, Vinegoni 
et al. [113] showed that ICG can unexpectedly target plaque mac
rophages and plaque lipid, and thus could be useful for clinical 
intracoronary NIRF molecular imaging of vulnerable plaques. This 
finding was recently confirmed by others [114], and recently in 
human carotid atheroma patients [115]. Beyond ICG, many tar
geted NIRF agents are expected to be available for arterial disease in 
the future, driven primarily by the field of cancer NIRF molecular 
imaging [116].
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Discussion
Angiography remains for the gold standard in the treatment of 
coronary artery disease. However, it provides limited informa
tion on the degree and extent of atherosclerosis and falls short in 
stent assessment. On the other hand, optical coherence tomog
raphy provides high‐resolution cross‐sectional images, offering 
additional information such as plaque characteristics, lumen 

measurements, strut apposition and stent expansion, presence 
of edge dissections.

In this case, the operator preferred an OCT imaging to opti
mize the results after implantation of BVS. Unlike metallic 
stents, which are powerful light reflectors and induce posterior 
shadowing and blooming artifacts on the vessel surface, poly
meric struts of BVS are transparent to the light so that scaffold 

Figure 8.8 Angiogram of the LCx after intervention.

(a) (c)

(b) (d)

D
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Figure 8.9 OCT showed malapposed struts in the proximal part.



cHaPter 8 optical coherence tomography, near‐Infrared Spectroscopy, and near‐Infrared Fluorescence Molecular Imaging 103

integrity, apposition to the underlying wall, and changes in the 
strut characteristics over time can be easily studied. Despite con
flicting results, some data suggest strut malapposition might be 
related to stent thrombosis. Similarly, stent underexpansion is a 
potential cause of stent failure. Dissections usually appear at the 
stent edges, but most dissections are too small to be detected by 

angiography. On the contrary, OCT is a sensitive tool in detect
ing dissections because of its high resolution. Prognostic signifi
cance of edge dissections, currently, remains to be clarified.

This case clearly illustrates OCT’s help in recognizing stent 
malapposition, stent underexpansion, and edge dissections, 
which can be present despite good angiographic results.

(a)

Distal dissection Well apposed mid-segment
Proximal 
underexpansion

(b) (c)
A

B

C

A B C

Figure 8.12 Struts were well apposed along the vessel. However, OCT revealed an edge dissection at the distal end. Moreover, BVS was 
underexpanded in the proximal part of the scaffold. Arrow indicates the blood artifact; note the signal attenuation.

Figure 8.10 Control pullback showed apposed struts.

Figure 8.11 Angiogram after post‐dilatation of the BVS.
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Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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The introduction of 4‐slice computed tomography (CT) in 2000 
was followed by rapid and revolutionary advances in multislice 
computed tomography (MSCT) technology. Currently, 64‐MSCT 
and dual‐source computed tomography (DSCT) are considered 
state‐of‐the‐art for cardiac MSCT imaging with 320‐slice systems 
also emerging in clinical practice.

Non contrast‐enhanced MSCT scans allow visualization of 
 cardiac and coronary artery calcification. After intravenous 
 injection of iodinated contrast agent, MSCT can delineate cardiac 
chambers, great cardiac vessels, and coronary arteries (Figure 9.1).

The evaluation of general cardiac morphology is usually per
formed by echocardiography and/or magnetic resonance imaging 
(MRI) without the need for contrast injection or radiation expo
sure. Nevertheless, MSCT can be clinically helpful in a variety of 
situations, including the need for cross‐sectional imaging in the 
event of inconclusive findings at echocardiography or in patients 
with pacemakers or other devices precluding MRI. Importantly, the 
main clinical focus of MSCT in cardiac imaging is the evaluation of 
the coronary arteries.

Coronary MSCT angiography—technique
Basic principles
In MSCT scanners, the X‐rays are generated by an X‐ray tube 
mounted on a rotating gantry. The patient is centered within the 
bore of the gantry such that the array of detectors is positioned to 
record incident photons after they have traversed the patient. 
MSCT differs from single detector CT principally by the design of 
the detector array, which allows the acquisition of multiple adjacent 
sections simultaneously.

MSCT systems have two principal modes of scanning (Figure 9.2). 
The first mode is sequential scanning, also known as “step‐and‐
shoot,” in which the table is advanced in a step‐wise fashion. In this 
mode, the X‐rays are generated during an imaging window posi
tioned at a predetermined offset from the R wave (prospective ECG 
triggering; Figure 9.2a) while the table is stationary. The diastolic 
phase of the cardiac cycle is usually chosen because cardiac motion 
is reduced in diastole. Sequential scanning is the current mode for 
measuring coronary calcium at most centers using MSCT.

The second mode is spiral or helical scanning, in which the table 
moves continuously at a fixed speed relative to the gantry rotation. 

The ECG trace of the patient is recorded during the scan. After data 
acquisition, the optimal reconstruction window is chosen among 
all available time positions to minimize motion artifacts (retrospec
tive ECG gating; Figure 9.2b). Spiral scanning is the current mode 
for performing coronary MSCT angiography because it allows flex
ibility in the position of reconstruction windows, which is helpful 
to  ensure the least motion artifacts. However, spiral scanning is 
associated with a higher X‐ray radiation exposure than sequential 
scanning.

In order to reduce radiation exposure in spiral scanning, the X‐
ray tube current can be modulated prospectively: guided by the 
ECG, the full output occurs only during an interval of the cardiac 
cycle which will be used for image reconstruction (e.g. diastole), 
whereas the X‐ray output will be reduced during the remaining car
diac cycle (Figure 9.2b).

Temporal resolution is the time for acquiring the data needed for 
the reconstruction of one image. Temporal resolution depends 
 primarily on gantry rotation time. In particular, because reconstruc
tion of MSCT images requires data acquired over half gantry rotation 
(180°), temporal resolution equals half of the gantry rotation time 
(Figure 9.3a). The latest development to improve temporal resolution 
and omit the need to lower patients’ heart rates by pre‐medication 
has been the introduction of MSCT scanners with two X‐ray sources 
acquiring different projections simultaneously [1]. In DSCT, the two 
X‐ray sources are mounted at an angle of 90°, therefore temporal 
resolution is equal to a quarter of the gantry rotation time (i.e., 330/4 =  
83 ms) (Figures 9.3b and 9.4).

Coronary arteries have a diameter of 2–4 mm in their proximal 
tract and taper distally, therefore high spatial resolution is another 
prerequisite for MSCT coronary imaging. Spatial resolution of 
MSCT on the transverse plane (x, y) is 0.4 × 0.4 mm2. Spatial resolu
tion along patient’s longitudinal axis (z‐axis) is determined mainly 
by the individual detector width, which varies between 0.5 and 
0.625 mm depending on the manufacturer. These features permit 
reconstruction of high quality images with similar sub‐millimeter 
resolution along the x, y, and z axes. Although catheter angiography 
has a bi‐dimensional spatial resolution of 0.2 × 0.2 mm2, a major 
advantage of MSCT over catheter angiography is the ability to per
form multi‐planar reconstructed images. An overview of major 
image parameters, patient preparation, and contrast administration 
in catheter angiography, 64‐MSCT, and DSCT is given in Table 9.1.
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Contrast enhancement
Good contrast enhancement in coronary arteries is essential for the 
detection of atherosclerotic changes and luminal stenosis. An iodine 
flow in the range of 1.2–2 g/s is recommended [2]. This can be 
achieved by either injecting low concentration contrast material at 
high flow rates or by injection of high concentration contrast material 
at lower flow rates. However, it is standard practice to inject contrast 

agent at rates of at least 5 mL/s. Total contrast  volume is determined by 
contrast injection rate multiplied by the scan time required to cover 
the heart. Typical injection volumes are in the range 60–100 mL. Dual 
injection (i.e., iodinated contrast  followed by saline, 30–50 mL) is 
 recommended for MSCT of the heart. Saline is helpful to avoid dense 
opacification of the right cardiac chambers and consequent artifacts 
which might limit the interpretation of the right coronary artery.

Imaging
window

Temporal resolution Temporal resolution

Pulsing
window

Sequential scanning
(Prospective ECG-triggering)

Spiral scanning
(Retrospective ECG-gating)

Reconstruction
windows

–350 ms

–300 ms
–250 ms

60%

(a) (b)

Figure 9.2 In sequential scanning, data for one axial slice are acquired, after which the table is advanced to the next position (a). Sequential 
scan protocols use prospective ECG‐triggering to synchronize the data acquisition to cardiac motion. Based on the measured duration of 
previous heart cycles, the scan of one slice is initiated at a pre‐specified moment after the R‐wave. Diastole is commonly chosen to ensure the 
least motion artifacts (e.g., 60% of the previous R‐R interval). Spiral scanners acquire data continuously and record the patient’s ECG while the 
table moves at a constant speed (b). Images are reconstructed using retrospective ECG‐gating. This mode is more flexible to minimize motion 
artifacts because reconstruction window can be positioned arbitrarily within the R‐R interval. If X‐ray tube modulation is used, the full output 
occurs only during an interval of the cardiac cycle (pulsing window) which can eventually be used for image reconstruction.

RV

RA
LV

LA

(a) (b)

Figure 9.1 Axial images provide four‐chamber views of the heart without (a) and with (b) injection of contrast agent. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle; void arrow, right coronary artery; arrow, mild calcification of the mitral valve.
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Image post‐processing
With image post‐processing, the source axial images are modified 
and made useful for the observer [3] (Figure 9.5). With isotropic 
resolution, multiplanar reformats (MPR) and maximum intensity 
projections (MIP) along the course of the coronary arteries are 
the  routinely methods for assessment of coronaries from MSCT 
datasets. Three‐dimensional volume rendering technique (VRT) 
provides a helpful overview, for example in cases of complex anat
omy such as coronary artery bypass grafts (CABG) or anomalous 
coronary arteries [4]. However, axial images may be best for the 
detection of coronary stenoses.

Typical artifacts
It is important to recognize a few typical MSCT artifacts that may 
lead to image misinterpretation. Motion artifacts typically blur the 
contours of the heart and coronary arteries (Figure 9.6). Inconsistent 
triggering or arrhythmias will lead to misalignment of adjacent 
image stacks. Partial voluming occurs when a pixel (i.e., smallest 
portion of an image) contains more than one type of tissue. In this 
setting, the attenuation value assigned to the pixel is the weighted 
average of the different attenuation values. Thus, when a pixel 
is  only partially filled by a structure of very high attenuation 
(e.g., metal or bone), a high CT number is assigned to the complete 
pixel, which will thus appear bright on  the image. This may lead 

to  overestimation of the size of high‐attenuation objects (e.g., 
 coronary calcifications and stents) (Figure 9.7).

Coronary MSCT angiography—clinical 
applications
Stenosis detection
Although conventional coronary angiography is still regarded as 
the reference standard for the detection and quantification of coro
nary artery stenosis, there are situations where sufficient informa
tion can be acquired by a non‐invasive technique with benefits in 
terms of cost, patient risk, and discomfort.

Since 1999, when the first studies on MSCT coronary angiog
raphy were published, the development of MSCT technology has 
been tremendous. Numerous studies [5–21] have compared the 
accuracy of MSCT in the detection of coronary artery stenosis 
with invasive coronary angiography (Table 9.2). While sensitivity 
and specificity remained similar comparing 16‐MSCT and 64‐
MSCT, 64‐MSCT and DSCT became more robust for imaging the 
coronaries: in the segmental analysis, a decrease was shown for 
the number of coronary segments that had to be excluded due to 
insufficient image quality (Figure 9.8; Table 9.2) [22]. Importantly, 
in the per‐patient analysis, which is clinically relevant because it 
explores the ability of MSCT to identify patients with or without 

330ms

64-MSCT

165ms

Reconstruction
window

Reconstruction
window

(a) (b)

83 ms

DSCT

Gantry
rotation
time

Temporal
resolution

Figure 9.3 Reconstruction of multislice computed tomography (MSCT) images (a) uses data acquired over 180°, thus temporal resolution 
equals half of the gantry rotation time. Because the shortest gantry rotation time currently achievable by a 64‐MSCT scanner is 330 ms, the 
corresponding temporal resolution is 165 ms. Temporal resolution corresponds to the width of reconstruction window. In dual‐source 
computed tomography (DSCT) (b), two X‐ray sources and two corresponding detector arrays are mounted at an angle of 90°, therefore 
only 90° rotation is needed to provide data from 180°. In DSCT, temporal resolution is equal to a quarter of the gantry rotation time  
(i.e., 330/4 = 83 ms).



110 Part I Principles and techniques SectIon II Imaging and Physiology

significant coronary artery disease (CAD), the negative predic
tive value was consistently found to be high, in the range 92–100% 
(Table  9.2). These findings led to the hypothesis that a normal 
MSCT obviates the need for invasive angiography in properly 
selected clinical circumstances. The reported positive predictive 
values were lower, indicating the tendency of MSCT to overesti
mate the severity of disease in comparison to invasive coronary 
angiography. Especially in the presence of coronary calcifications 
and residual motion in the dataset, MSCT is presently limited to 
accurately grade lesion severity (percentage of stenosis). However, 

MSCT has a notably high sensitivity and negative predictive 
value for the detection of significant CAD, thus it may be well 
suited to clinical situations in which exclusion of CAD is of para
mount concern (e.g., in patients with low to intermediate pretest 
likelihood of disease) [23]. The evolving indications of MSCT of 
the heart, with emphasis on the evaluation of coronary arteries, 
are shown in Table 9.3.

Bifurcations and ostial lesions
The angiographic evaluation of bifurcation lesions can be hindered 
by projectional foreshortening, vessel overlap, and insufficient 
 vessel opacification; for these reasons, the assessment of the side 
branch ostium can be particularly challenging. Errors in diagnosis 
can lead to consequences for patient management: when CABG 
surgery is the treatment of choice, underestimation of a side 
branch lesion can result in the side branch not being grafted; when 
percutaneous coronary intervention (PCI) is preferred, detailed 
anatomic information permits selection of the optimal intervention 
strategy. Moreover, conventional angiography does not provide 
sufficient information on the plaque burden at the level of the 
bifurcation. In the presence of a high plaque burden, initial treat
ment of both the main and side branches (e.g., crush or culottes 
techniques) should be preferred over main branch stenting first 
 followed by provisional balloon angioplasty (with or without 
 stenting) of the side branch.

A2 A3

A1

B3B2

B1

Figure 9.4 MSCT images display the average cardiac motion over 
the reconstruction window. A 165 mm‐wide reconstruction 
window (A1–A3) averages MSCT views obtained during 180° 
gantry rotation. This is the reconstruction algorithm employed in 
64‐MSCT. An 83 mm‐wide reconstruction window (B1–B3) 
averages MSCT views obtained (by two detector arrays) during 90° 
gantry rotation. This is the reconstruction algorithm employed in 
DSCT. Reconstruction using 180° data (A2) might improve image 
contrast when compared to reconstruction using 90° data (B2) 
because more MSCT views are averaged for the reconstruction of 
the same image (gross arrow = LAD). However, a wider reconstruc-
tion window worsens temporal resolution and can cause more 
blurring (A3) than the use of the narrowest reconstruction window 
(B3) (thin arrow = RCA).

Table 9.1 Overview of image parameters, patient preparation, 
and contrast administration.

Catheter 
angiography 64‐MSCT DSCT

Spatial 
resolution

0.2 × 0.2 mm2 0.4 × 0.4 × 0.4 mm3 0.4 × 0.4 × 
0.4 mm3

Temporal 
resolution 
(ms)

8 16 83

Preparation
Beta‐ 
blockers

No If heart rate ≥65 
beats/min, metoprolol 
100 mg orally 1 hr 
before scan or/and 
5–15 mg i.v. in 
patients with aortic 
valve stenosis, severe 
hypotension, Mobitz 
heart block consider 
calcium channel 
blockers

(Optional)

Nitroglycerine Intracoronary (Optional—
sublingual)

(Optional—
sublingual)

Contrast 80–100 mL 
intracoronary

100 mL intravenous 60–100 mL 
intravenous

DSCT, dual‐source computed tomography; MSCT, multislice computed 
tomography.
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Figure 9.5 (a) (1–12): The basic information of MSCT is the axial images (a1–a12). Scrolling through them in the cranial to caudal direction 
shows any structure in the axial plane. The scan starts at the level of the tracheal bifurcation (a1) therefore the main bronchi (asterisks), the 
ascending aorta (A) and pulmonary artery (PA) are shown. As we scroll caudally, the origin of the left main coronary artery (a2, curved arrow) 
and its trifurcation (a3) into left anterior descending artery (gross arrow), circumflex artery (open arrow), and intermediate branch (IMB) are 
seen. The left anterior descending artery (a3–a12, gross arrow) courses along the superior interventricular groove and can be followed down 
to the apex of the heart. A diagonal branch is also seen (a4–a6, gross arrowhead). The left circumflex artery (a3–a5, open arrow) courses in the 
left atrioventricular groove and gives an obtuse marginal branch (a6–a8, open arrowhead). The proximal right coronary artery (a6, thin arrow) 
has a short horizontal course. Then the vessel courses caudally (a7–a9, thin arrow) in the right atrio‐ventricular groove. The inferior inter‐ 
ventricular groove contains the posterior descending artery (a12, thin arrow). (A, aorta; asterisks, main bronchi; C, cava; CS, coronary sinus; 
IMB, intermediate branch; iPV, inferior pulmonary veins; L, liver; LA, left atrium; LV, left ventricle; PA, pulmonary artery; RA, right atrium; Rap, 
right appendage; RV, right ventricle; RVOT, right ventricular outflow tract; sPV, superior pulmonary veins.) (b–e) Axial images are reconstructed 
to form a volume. Post‐processing is performed on this volume dataset. Multiplanar reconstructions (b) cut this volume according to planes 
arbitrarily tilted in any orientation. When the cut plane is not flat but curved, the result is a curved multiplanar reconstruction (c, d). This image 
is a flattened representation of the curved plane (d). Maximum intensity projection is an algorithm that visualizes only the structures with the 
highest attenuation along the observation line (c). Volume rendering (e) displays the volume based on the density of the structures. Color 
attribution is arbitrary; therefore the appearance will change when the operator changes the colors of the algorithm.
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Van Mieghem et al. [24] compared MSCT with conventional 
angiography for the detection and classification of coronary 
bifurcation lesions. In keeping with the available literature on 
non‐bifurcation lesions, they reported 96% sensitivity, 97% speci
ficity, 63% positive predictive value, and 99% negative predictive 
value for the detection of bifurcation lesions (Figure 9.9). MSCT 
was found to be accurate also in classifying bifurcation lesions 
according to the Medina classification system [25]. Furthermore, 
thanks to the three‐dimensional nature of MSCT data, the bifur
cation angle between the main vessel and the side branch could 
be measured accurately. In situations where both branches 
needed to be stented, information regarding the bifurcation angle 
was used to support the choice of the stenting technique.

The visualization of ostial lesions (Figure 9.10) can be affected by 
projectional limitations in conventional angiography. Occasionally, 
ostial lesions can be masked by the engagement of the catheter tip 
beyond the lesion. At a pre‐interventional stage, MSCT can provide 
information on three‐dimensional anatomy of ostial lesions and 
vessel take‐off angle [26].

Chronic total occlusion
In the diagnostic work‐up of patients with chronically occluded 
coronary arteries, MSCT can add important information to con
ventional angiography. Measurement of the length of the occluded 
segment, which has long been identified as a predictor of failed PCI, 
can be limited in conventional angiography by foreshortening, 
 calibration limitations, and lack of collateral filling (Figure  9.11). 
Conversely, MSCT is a three‐dimensional technique that allows 
reliable length measurement of coronary segments. Likewise, 
MSCT permits the evaluation of the proximal entry port, the sever
ity of calcification (Figure 9.12), and the delineation of occlusion 
trajectory. Therefore, MSCT improves the ability to predict the suc
cess rate of PCI. Mollet et al. [27] found that a blunt entry point, an 
occlusion length >15 mm, and severe calcification, all determined 
by MSCT, were independent predictors of procedural failure.

(a)

(b)

(c)

B

C

B’

C’

Figure 9.6 Typical artifacts in cardiac MSCT (a) include motion artifacts (b) and stack misalignment resulting from heart rate variations or slight 
arrhythmia (c). Whereas motion artifacts cause blurring (B), images within a misaligned stack are not blurred (C).

(a) (b)

(c) (d)

Figure 9.7 Volume rendered image (a), curved maximum intensity 
projection (b), and multiplanar reconstruction (c) show a calcified plaque 
(arrow) located in the left anterior descending (LAD) just proximal to the 
origin of a septal branch (S). The size of structures with high X‐ray 
attenuation such as calcifications is overestimated in MSCT due to partial 
voluming. This calcification superimposes most of the coronary artery lumen. 
The conventional angiogram (d) shows a normal LAD. LCx, left circumflex.
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Stents
Coronary stents are notoriously difficult to assess by MSCT. Partial 
voluming artifacts enlarge the apparent size of the stent; this is par
ticularly disturbing in smaller stents, where the in‐stent lumen 
might be completely obscured, and in overlapping and bifurcation 
stents due to an excess of metal. As demonstrated in vitro, types 
of metal and strut thickness also have an important role for in‐stent 
lumen assessibility [28]; generally, stents with thinner struts 
(e.g., 0.14 mm) are less problematic than stents with thicker struts 
(e.g., 0.15 mm and above).

In the evaluation of coronary stents, the finding of contrast‐enhance
ment distal to the stent is not foolproof for stent patency, because 
 collateral pathways may fill the vessel retrograde; if the stent is being 
evaluated for the presence of non‐occlusive in‐stent restenosis, direct 
visualization of the in‐stent lumen becomes the mandatory criterion.

Technical requirements for coronary stent imaging are 64‐slice 
MSCT scanners with thin detectors in order to optimize spatial 
resolution and decrease partial voluming. High temporal resolution 
is also important because high density artifacts are exacerbated by 
the presence of residual motion in the MSCT dataset [29].

Table 9.2 Detection of coronary stenosis—diagnostic performance of MSCT vs. conventional angiography.

No. 
patients

Per segment Per patient

Unevaluable 
segments (%)

Sensitivity 
(%)

Specificity 
(%)

PPV 
(%)

NPV 
(%)

Sensitivity 
(%)

Specificity 
(%)

PPV 
(%)

NPV 
(%)

16‐MSCT
Mollet [13] 128 7 92 95 79 98 100 86 97 100

Hoffman [9] 103 6 95 98 87 99 97 87 90 95

Achenbach [5] 50 4 94 96 69 99 100 83 100 86

Mollet [12] 51 0 95 98 87 99 97 84 89 95

Garcia [7] 187 29 85 91 36 99 98 55 50 99

Dewey [6] 129 9 83 86 90 95 93 74 93 92

Hausleiter [8] 129 11 93 87 46 99 – – – –

64‐MSCT
Leschka [11] 53 0 94 97 87 99 100 100 100 100

Raff [18] 70 12 86 95 66 98 95 90 93 93

Leber [10] 59 0 88 97 – 99 94 – –  –

Pugliese [17] 35 0 99 96 78 99 100 90 96 100

Mollet [14] 52 2 99 95 76 99 100 92 97 100

Ropers [19] 82 4 95 93 56 99 96 91 83 98

Nikolaou [15] 72 10 86 95 72 97 97 72 83 95

Hausleiter [8] 114 8 92 92 54 99 99 75 74 99

320‐MSCT
Dewey [46] 30 0 78 98 75 99 100 94 92 100

DSCT
Nikolaou [16] 20 4 95 93 79 98 – – – –

Scheffel [20] 30 1 96 98 86 99 – – – –

Weustink [21] 100 0 95 95 75 99 99 87 96 95
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Clinical studies compared different generations of MSCT scan
ners with conventional angiography for the detection of in‐stent 
restenosis, defined as ≥50% luminal narrowing (Table 9.4). Studies 
performed using 16‐MSCT [30], 40‐MSCT [31], and 64‐MSCT 
[32–34] reported promising results with variable percentages of 
non‐assessable stents. Using DSCT [35], the percentage of non‐
assessable stents was found to be low; whereas the diagnostic per
formance did not vary significantly between different stent 
configurations (i.e., single stents vs. overlapping/bifurcation stent
ing), the results were influenced importantly by the stent diameter. 
In particular, the ability of DSCT to exclude with certainty in‐stent 

restenosis in stents with diameters ≤2.75 mm was significantly 
lower than that observed in larger stents.

Ideally, the stent type and diameter are known prior to the scan, 
therefore in‐stent lumen assessability in a particular patient could 
be predicted from the available in vitro and in vivo data. However, 
MSCT was shown to have a constantly high negative predictive 
value, therefore it may be useful in patients with clinical symptoms 
but low pre‐test probability for in‐stent restenosis.

Stent implantation in the left main (LM) and proximal left ante
rior descending/circumflex (LAD/Cx) provides a suitable sce
nario for the use of MSCT in the detection of in‐stent restenosis. 
This is mainly because of the relatively large size of stents 
implanted in the LM and proximal LAD/CX; moreover, this part 
of the coronary tree is relatively protected from motion artifacts. 
Although CABG surgery is still recommended in patients with 
LM disease, PCI is increasingly performed on the unprotected LM 
coronary artery in the drug‐eluting stent (DES) era. However, in‐
stent restenosis still occurs with DES and can cause fatal myocar
dial infarction or sudden death [36], therefore surveillance with 
routinely angiography 6 months after PCI for LM stem is highly 
recommended [37]. A study by Van Mieghem et al. [38] showed 
that MSCT was safe and reliable in excluding in‐stent restenosis in 
patients with LM and proximal LAD/CX stents; this study sug
gested that MSCT might be an acceptable first‐line alternative to 
conventional angiography for the follow‐up of patients after 
unprotected LM stenting.

MSCT also visualizes the configuration of bifurcation/overlap
ping stents (Figure  9.13) and the position of stents implanted in 
ostial lesions. Tissue prolapses, stent malapposition, and underex
pansion are generally not clearly visualized by MSCT. It is conceiv
able that stents with thinner struts, absorbable and non‐metallic 
stents (Figure 9.14) will be less affected by high density artifacts; the 
introduction of these new devices might increase the utility of 
MSCT in patients after PCI.

Coronary artery bypass grafts
General issues
Patients with prior CABG surgery usually present with comorbidity 
and have a higher prevalence of valve disease and ventricular 
 dysfunction than non‐CABG patients. They have a higher inci
dence of complications during invasive procedures, including 

Table 9.3 Evolving indications of MSCT of the heart with emphasis 
on the evaluation of coronary arteries [23].

Detection of CAD in symptomatic patients

1. Intermediate pre‐test probability of CAD + equivocal ECG/unable 
to exercise

2. Equivocal exercise tests, perfusion imaging, stress echo

3. Evaluation of coronary arteries in patients with heart failure of 
new onset to assess etiology

Coronary anomalies

Exclusion of CAD prior to cardiac valve surgery/major non‐cardiac 
surgery

Patients with recurrent chest pain after PCI with low probability of 
in‐stent restenosis and large stents (≥3 mm)

Coronary artery bypass grafts

Acute chest pain

1. Non‐ST segment elevation and initial troponin negative

2. Intermediate probability of aortic dissection/aneurysm, pulmonary 
emboli, obstructive CAD (triple rule out)

(a) (b) (c)

Figure 9.8 Curved multiplanar reconstructions of the left main (LM) and LAD arteries obtained in three different patients with 16‐MSCT (a), 
64‐MSCT (b), and DSCT (c) show progressive improvement in image quality. All the patients had heart rates during the scan of 62–65 bpm.
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 cardiac catheterization, and can therefore benefit from non‐ invasive 
coronary angiography performed by MSCT.

Generally, bypass grafts are well visualized by MSCT because 
of their large diameter, limited calcification, and relative immobility. 
However, surgical opaque material, such as vascular clips, sternal 
wires, and graft orifice indicators, hinder the evaluability of coronary 
grafts (Figure 9.15).

Clinical performance and limitations
64‐MSCT permits the evaluation of graft patency with a sensitivity 
approaching 100% in both arterial and venous grafts and without 
exclusion of grafts because of insufficient image quality (Table 9.5) 
[39–42]. However, ischemic symptoms in patients after CABG 
 surgery can be caused by obstruction of bypass grafts or by disease 
progression in native coronary arteries. Comprehensive evaluation 

(a) (b)

(c) (d)

(e) (f)
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Figure 9.9 The DSCT multiplanar reconstruction (a) shows a proximal bifurcation lesion (arrows) in the left anterior descending (LAD) artery, also 
seen on the curved multiplanar reconstructions of the LAD (c) and diagonal branch (e). The lesion is confirmed by the conventional angiogram (f). 
According to the Medina classification system (b), the lesion involves proximal main branch and side branch whereas the distal main branch is 
unremarkable (1,0,1). The lesion is not clearly detectable in the volume rendered image (e); distally to the bifurcation, the LAD has intramyocardial 
course (d) (arrowheads).
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post‐CABG surgery should also include the native coronary tree; 
assessment of the native coronary arteries can be difficult in these 
patients owing to the diffuse nature of the disease and the presence 
of severe calcifications [39].

Valve disease
Whereas the visualization of the tricuspid and pulmonary valves 
is generally inconsistent, the mitral and aortic valves can reliably 
be depicted in contrast‐enhanced MSCT scans. While MSCT 

cannot provide measurements of transvalvular flow and pressure 
gradients, dynamic imaging of the open and closed valve is 
 possible (Figure 9.16). For the normal and stenotic aortic valve, 
recent studies have demonstrated the ability of MSCT to measure 
the orifice area with close correlation to transesophageal echo
cardiography and invasive assessment of the aortic orifice area 
[43,44]. However, in the setting of severely calcified stenosis, 
measurements of the opening area by CT may become unreliable. 
Non‐enhanced CT scans can be used to quantify aortic valve 
 calcium [45].

(a)

(c)

(b)

Figure 9.10 The volume rendered view after removal of the right 
atrium (a), axial image (b), and curved multiplanar reconstruction (c) 
demonstrate an ostial lesion of the right coronary artery (RCA).

(a)

(b) (c)

Figure 9.11 Occlusion of the RCA (open arrowheads) is 
 demonstrated by the conventional angiogram (a), DSCT multiplanar 
reconstruction (b), and curved multiplanar reconstruction (c) of the 
vessel. The distal patent RCA is not sharply visualized on the 
angiogram (a). The multiplanar reconstruction (b) and curved 
multiplanar reconstruction (c) of the RCA permit better visualization 
of the distal patent vessel (solid arrowheads) and thus of the actual 
occlusion length. Asterisks: right ventricular branch.
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Coronary anomalies
It can sometimes be difficult during invasive coronary angiogra
phy to define the origin and course of anomalous coronary arter
ies. MSCT is extremely reliable for visualizing the origin and 
course of anomalous coronary vessels and is well suited for inves
tigating patients with known or suspected congenital coronary 
artery anomalies. MSCT permits morphologic analysis with very 
high resolution; moreover, this technique is not restricted by 
“echo windows” or by implanted devices such as pacemakers or 
implantable cardioverter defibrillators, which are frequently 
encountered in patients with congenital heart disease. The intro
duction of whole‐heart 320‐row CT, which reduces radiation 
exposure from intensive overscanning and overranging, makes 
this technique particularly attractive in women and younger age 
groups [46].

recent clinical trials of CT coronary 
angiography
SCOT‐HEART trial
CT coronary angiography in patients with suspected angina due 
to coronary heart disease (SCOT‐HEART): an open‐label, paral
lel‐group, multicenter trial, is the first trial to assess the clinical 
impact of the addition of CT angiography (CTA) in patients pre
senting with suspected angina due to coronary heart disease 
(CHD) in the outpatient setting [47]. Previous trials have focused 

on assessing the accuracy and comparability of CTA for the iden
tification of CHD [48–50] and the evaluation of low–intermediate 
risk patients with chest pain in emergency departments [51–53]. 
This prospective, parallel group trial included patients aged 18–75 
years referred for the assessment of suspected angina due to CHD 
from 12 centers across Scotland. The final analysis included 4146 
patents randomized to standard care plus CTA or standard care 
alone. Some 47% of subjects had a baseline diagnosis of CHD and 
36% a diagnosis of angina due to coronary heart disease. AT 
6 weeks, CTA reclassified the diagnosis of CHD in 558 (27%) of 
subjects assigned to CTA compared with 1% assigned to standard 
care and the diagnosis of angina due to CHD in 481 (23%) of 
 subjects assigned to CTA compared with 1% to standard care 
(p < 0.001 for both).

The certainty (relative risk [RR] 2.56, 95% CI 2.33–2.79; 
p < 0.0001) and frequency (RR 1.09, CI 1.02–1.17; p = 0.0172) of 
the diagnosis of CHD increased with CTA compared with stand
ard care. However, the certainty increased (RR 1.79, CI 1.62–
1.96; p < 0.0001) and frequency appeared to decrease (RR 0.93, 
CI 0.85–1.02; p = 0.1289) for the diagnosis of angina due to 
CHD. This changed planned investigations (12% vs. 1%; 
p < 0.0001) and treatments (27% vs. 5%; p < 0.0001) but did not 
affect 6‐week symptom severity or subsequent admittances to 
hospital for chest pain. After 1.7 years, CTA was associated with 
a 38% reduction in fatal and non‐fatal myocardial infarction 
(26% vs. 42%, HR 0.62, 95% CI 0.38–1·01; p = 0.0527), but this 
was not significant.

(a)

(c) (d) (e) (f)

(b)

Figure 9.12 Occlusion of the proximal LAD (arrowheads) is demonstrated by the DSCT maximum intensity projection image (a) and 
 conventional angiogram (b). The DSCT cross sections (c-f), obtained as indicated in (a), provide information on the severity of lesion 
 calcification. Bulky calcifications are present proximally to the occlusion (c), at the level of the stump (d) and more distally (f).
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In summary, CTA helped clarify the diagnosis and target inter
ventions with a trend toward lower risk of myocardial infarction in 
this outpatient cohort with suspected angina due to CHD.

PROMISE trial
Outcomes of anatomic versus functional testing for coronary 
artery disease: the prospective multicenter imaging study for 
evaluation of chest pain (PROMISE) trial is the largest out come 
study in cardiovascular imaging to date [54]. The trial 

 randomized 10,003 symptomatic mostly intermediate‐risk 
 outpatients (mean age 60.8 years, 52.7% women , 87.7% with 
chest pain or dyspnea on exertion) without CAD to a strategy of 
initial anatomic testing with CTA or to functional testing 
( exercise electrocardiography, nuclear stress testing, or stress 
echocardiography). Additional inclusion criteria were an age of 
more than 54 years (in men) or more than 64 years (in women) 
or an age of 45–54 years (in men) or 50–64 years (in  women) 
with at least one cardiac risk factor (diabetes, peripheral arterial 

Table 9.4 Detection of in‐stent restenosis—diagnostic performance of MSCT vs. conventional angiography.

Unevaluable stents (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

16‐MSCT
Gilard [30]

All diameters 36 – – – –

>3 mm 19 86 100 100 99

≤3 mm 49 54 100 100 94

40‐MSCT
Gaspar [31]

All diameters 5 89 81 47 97

64‐MSCT
Rixe [34]

All diameters 42 86 98 86 98

>3 mm 22 100 100 100 100

3 mm 42 83 96 83 96

<3 mm* 92 – 100 – 100

Ehara [33]

All diameters 12 92 81 54 98

Cademartiri [32]

All diameters 7 90 86 44 98

DSCT
Pugliese [35]

All diameters 5 94 92 77 98

≥3.5 mm 0 100 100 100 100

3 mm 0 100 97 91 100

≤2.75 mm 22 84 64 52 90

NPV, negative predictive value; PPV, positive predictive value.
*Only one stent available, without in‐stent restenosis.
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(a′)

(a)

(c) (d)

(e) (f) (g)

(b)

Figure 9.13 The DSCT axial image (a), its magnification (a′), the cross‐sectional views (b, c) and the diagram (e) show the typical appearance of 
the crush stenting technique, characterized by three layers of metal crushed against the ostium of the side branch. The DSCT cross‐section 
obtained at the level of the carina (B) and the curved multiplanar reconstruction of the diagonal branch (g) demonstrate in‐stent restenosis in 
the diagonal branch stent (arrow). The LAD (main branch) is patent (f). The conventional angiogram (d) confirms the findings.

(a′)

(a)

Figure 9.14 The DSCT multiplanar reconstruction (a) and its 
magnification (a′) show a bioabsorbable stent placed in the LCx artery. 
The stent is radiolucent with radiopaque markers at the stent edges.

(a) (b)

Figure 9.15 In a patient after coronary artery bypass graft surgery, 
the DSCT volume rendered image (a) and the curved multiplanar 
reconstruction (b) show patency of the left internal mammary artery 
graft and of the anastomosis of the graft onto the LAD. Notice the 
hyper‐dense appearance of the surgical clips.
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disease, cerebrovascular disease, current or past tobacco use, 
hypertension, or dyslipidemia).

Over a median follow‐up period of 25 months, a primary end‐
point event (death from any cause, myocardial infarction, hospi
talization for unstable angina, and major complication of 
cardiovascular procedures or tests) occurred in 164 of 4996 
patients in the CTA group (3.3%) and in 151 of 5007 (3.0%) in 
the functional testing group (adjusted hazard ratio 1.04; 95% CI 
0.83–1.29; p = 0.75). At 12 months, the risk of death or non‐fatal 
myocardial infarction was marginally lower in the CTA group 
than in the functional testing group (hazard ratio 0.66; 95% CI 
0.44–1.00; p = 0.049).

CTA was associated with fewer catheterizations showing no 
obstructive CAD than was functional testing (3.4% vs. 4.3%; p = 
0.02), although more patients in the CTA group underwent cath
eterization within 90 days after randomization (12.2% vs. 8.1%). 
Revascularization was performed within 90 days after randomi
zation in 311 of 4996 patients (6.2%) in the CTA group  compared 
with 158 of 5007 (3.2%) in the functional testing group 
(p < 0.001), including 72 and 38 patients, respectively, who 
underwent CABG. The median cumulative radiation exposure 
per patient was lower in the CTA group than in the functional 
testing group (10.0 vs. 11.3 mSv), but 32.6% of the patients in the 

functional testing group had no exposure, so the overall expo
sure was higher in the CTA group (mean 12.0 vs. 10.1 mSv; 
p < 0.001).

In an economic sub‐analysis there were no significant differ
ences between the strategies in costs in that patient population 
over 3 years [55]. The costs per person for CTA were slightly 
more than costs for functional testing: $279 at 3 months, $358 at 
12 months $388 at 24 months and $694 at 36 months. The jump 
in cost between 24 and 36 months was attributed to some outlier 
costs for non‐cardiovascular care and increased revasculariza
tion in the CTA group.

In summary, in symptomatic patients with suspected CAD 
who required non‐invasive testing, a strategy of initial CTA, as 
compared with functional testing, did not improve clinical out
comes over a median follow‐up of 2 years. CTA remains a good 
initial testing option given the similarity in outcomes and costs 
to functional testing.

PLATFORM trial
A prospective trial recently evaluated the role of CTA with incorpo
ration of CTA‐based calculation of fractional flow reserve (CTA/
FFR) of possibly significant lesions [56]. This prospective, 
 randomized multicenter trial found significantly lower rate of 

Table 9.5 Detection of coronary graft and native vessel stenosis—diagnostic performance of 64‐MSCT vs. conventional angiography.

Unevaluable (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Malagutti [39]
All grafts 0 100 98 98 100

Arterial – 100 100 100 100

Venous – 100 96 98 100

Distal run‐offs 0 89 93 50 99

Non‐grafted natives 0 97 86 66 99

Ropers [42]
All grafts 0 100 94 92 100

Distal run‐offs 7 86 90 50 98

Non‐grafted natives 9 86 76 44 96

Meyer [40]
All grafts 2 97 97 93 99

Arterial – 93 97 86 98

Venous – 99 98 96 99

Pache [41]
All grafts 3 98 89 90 98

Arterial – – – – 92

Venous – – – – 100
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(futile) invasive coronary angiography in the group randomized to 
CTA/FFR imaging compared with control. However, this trial did 
not evaluate whether imaging with CTA alone versus CTA/FFR 
might have produced similar results.

The last three recent trials provide supporting evidence that 
coronary CTA should be incorporated in the testing armamen
tarium for evaluating patients with chest pain and possible coro
nary artery disease. The trials confirm the high clinical value of 

CTA in identifying high risk plaque and determining the exist
ence and severity of coronary stenosis which can lead to altera
tion of treatment  strategies with the potential to improve clinical 
outcomes of  symptomatic patients. Notably, both confirmation 
but also exclusion of anatomic coronary disease can be of clini
cal importance in patient care because initiation of proper ther
apy (in the former case) or the avoidance of futile and potentially 
dangerous approaches (in the  latter case). There is no doubt that 

(a1) (b1)

(a2) (b2)

Figure 9.16 The MSCT multiplanar images were obtained in two different patients (A and B) parallel to the aortic valve. Images in the upper 
row (a1, b1) were obtained during diastole. Images in the lower row (a2, b2) were obtained in systole. In patient A, the cusps adapt during 
diastole (a1) and open during systole (a2); the aortic valve is normal. In patient B, aortic cusps are thickened and calcified (b1, b2). Opening is 
incomplete during systole (b2); the patient has aortic valve stenosis.
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  Case study

A 44‐year‐old woman was seen in the outpatient cardiology 
clinic for vague left‐sided chest pain sometimes aggravated by 
exertion. She has a history of mixed hyperlipidemia, depression, 
and morbid obesity (weight 264 lb, BMI 46.8) with a 40 lb 
weight gain in the last 5 years. Her baseline ECG was normal 
(Figure 9.17a).

An exercise echocardiogram was performed. She exercised 
for 6 minutes achieving a workload of 6 METs and 92% of the 
maximum predicted heart rate. The blood pressure response 
was hypertensive and there were equivocal ST changes with 
runs of ventricular bigeminy and symptoms of chest pain/
shortness of breath during stress. There was augmentation of 
the left ventricular ejection fraction (LVEF) from 60% to 
80% and no stress‐induced wall motion abnormalities. Single 
vessel or distal vessel coronary artery disease could not be 
excluded.

A positron‐emission tomography (PET) scan was planned. 
However, a pharmacologic single‐photon emission CT (SPECT) 
study was performed with regadenoson. A moderate sized 
reversible anterior/anterolateral defect of moderate intensity 
was noted (Figure 9.17b). The LVEF was 60% at rest and >60% 
post‐stress.

Cardiac catheterization was performed for possible 
ischemia on the SPECT study. Coronary angiography was 
performed which revealed an anomalous single coronary 
artery arising from the right coronary cusp giving rise to the 
left anterior descending (LAD) and left circumflex (LCx) 
arteries. There was no apparent angiographic stenosis of any 
other arteries although the LAD appeared small and could 
not be selectively engaged. A left ventriculogram revealed 
normal LV systolic function with an estimated LVEF of 60%. 
A coronary CTA was recommended for assessment of the 
course of the LAD and LCx arteries.

A multidetector CT coronary angiogram was obtained using 
retrospective ECG‐gating after coronary vasodila tation with 0.4 
mg of sublingual nitroglycerin. A single coronary artery arising 
from the right coronary cusp was seen (Figure 9.17c). The single 
coronary artery gives rise to the LAD, LCx, and right coronary 
(RCA) arteries and there was no stenosis of any of the arteries. 
The LAD follows a pre‐ pulmonic course and the left circumflex 
a retroaortic course (Figure 9.17d). The calcium score was zero. 
The LVEF was 81%.

This case illustrates the utility of coronary CTA in the assess
ment of chest pain in low to intermediate risk patients and for 

(a)

Figure 9.17 (a) Baseline normal ECG. (b) SPECT images with alternating rows of stress and rest images showing a basal anterior /
anterolateral reversible defect (white arrows). (c) Axial projection showing anomalous large single coronary artery arising from the right 
coronary cusp (black arrow). (d) Sagittal projection showing all three coronary artery origins from the single coronary artery. The LAD has 
a course anterior to the pulmonary artery while the LCx runs retroaortic. AO, aorta; LAD, left anterior descending; LCx, left circumflex; 
PA, pulmonary artery; RCA, right coronary artery.
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the evaluation of the origin, course, and patency of suspected 
anomalous coronary arteries. It would have been reasonable to 
proceed directly to coronary CTA after the equivocal stress 
echocardiogram instead of performing another functional stress 
test and the invasive coronary angiogram could also have been 

avoided. The basal anterior/anterolateral reversible defect was 
likely related to breast attenuation which was also seen on the 
raw projection images. Breast attenuation artifacts are common 
in obese women on SPECT studies and a PET study would have 
been a better choice as previously planned.

(b)

(c) (d)

Figure 9.17 (Continued)
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CTA imaging with and without functional lesion assessment 
should be the subject of future clinical trials.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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In the last 15–20 years, cardiac magnetic resonance (CMR) has 
emerged as a useful non‐invasive tool for the complete assessment 
of cardiovascular morphology and function in the absence of ion
izing radiation. Although other imaging modalities such as echo
cardiography, nuclear imaging, and computed tomography (CT) 
are available for the assessment of cardiovascular pathology, CMR 
has imaging sequences that can be manipulated to generate varying 
degrees of soft‐tissue contrast for cardiac tissue characterization. 
Coupled with this, is the excellent spatial (1–2 mm in‐plane resolu
tion), temporal (50 ms or better), and contrast resolutions which 
allow for routine assessment of cardiac function and blood flow 
[1,2]. Sequences involving the administration of gadolinium‐based 
contrast agents (GBCAs) also allow for the assessment of myocardial 
perfusion, viability, and various myopericardial diseases.

The main limitations of CMR are inability to image very large or 
claustrophobic patients, the long scan time of 20–45 minutes and 
the risk of nephrogenic systemic fibrosis from gadolinium contrast 
in patients with impaired renal function (GFR <30 mL/min). The 
limitations notwithstanding, the ability of CMR to provide compre
hensive evaluations of cardiovascular morphology, function, and 
pathology makes it an attractive tool for the assessment of patients 
undergoing cardiac interventional procedures and for the planning 
of such interventions. It is therefore imperative that the interven
tional cardiologist be familiar with the applications of CMR in this 
regard. This chapter provides a concise overview of the techniques 
for the CMR imaging, the applications of these techniques, and the 
use of CMR in the planning of interventional procedures.

CMR technical concepts
Image generation
CMR is based on the detection of the magnetic spin direction of 
protons from water and fat in the body. The human body is com
posed of ~70% water and water is formed from two hydrogen atoms 
and one oxygen atom. The hydrogen atom has a single proton in its 
nucleus and each proton functions as a molecular magnet within 
the magnetic field of the MRI scanner [3]. The intrinsic angular 
momentum of each proton results in rotation (or precession) 
around the longitudinal axis of the scanner’s magnetic field. This is 
referred to as “spin.” Application of radiofrequency (RF) energy at a 
flip angle to this axis with the precessing (Lamor) frequency tips the 

proton spins toward the transverse plane generating a magnetiza
tion that emits a coherent oscillating signal that decays in amplitude 
and coherence with time. The decay of amplitude (T1 relaxation) 
and coherence (T2 relaxation) is unique to each tissue and gener
ates energy which is measured by properly oriented receiver coils 
[1,4]. Using spatial modulation of the magnetic field strength, the 
received MR signal is spatially encoded for image generation. 
Parameters such as the flip angle, the time between the applications 
of successive RF pulses to generate a transverse magnetization (rep
etition time, TR), and the time at which the signal is measured after 
the excitation (TE) can be altered to generate images that highlight 
a specific type of soft‐tissue contrast (i.e., T‐1 weighted, T‐2 
weighted, or proton‐density weighted) [1].

CMR techniques
There are multiple CMR sequences that can provide morphologic, 
cine, perfusion, viability, and velocity‐encoded flow images. 
Morphologic black blood images for excellent depiction of myocar
dial structure and the relationship of the great vessels are typically 
performed with single‐shot (i.e., static) double inversion recovery 
fast spin‐echo techniques (Double–IR FSE) and half‐Fourier acqui
sition turbo spin‐echo (HASTE). A fat saturation prepulse can be 
applied if necessary and the images are obtained from fast acquisi
tions every other heartbeat and do not require a breath hold. 
Segmented (i.e., from several heart beats) FSE images are acquired 
when higher spatial resolution and improved T1 or T2‐weighting 
are required for the characterization of cardiac masses [5].

Bright blood morphologic imaging was previously performed 
with gradient‐recalled echo (GRE) pulse sequences but steady state 
free precession (SSFP) sequences have resulted in improved imag
ing. SSFP sequences are not dependent on the inflow effects of 
blood but on the T2/T1 ratio of the tissue being imaged and provide 
high intrinsic contrast between the blood and myocardium [6]. 
They are similar to HASTE sequences in that they do not require a 
breath hold and are a form of single‐shot imaging. They are useful 
for the evaluation of intraluminal abnormalities as in aortic dissec
tion or for the localization of pulmonary veins [5]. The SSFP tech
nique can be used to produce cine images in which multiple images 
are obtained in the same slice location in rapid succession during 
different phases of the cardiac cycle and displayed as a continuous 
movie loop. The standard acquisition is a segmented retrospectively 
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gated acquisition in which data are acquired throughout the cardiac 
cycle and “time stamped” to allow assignment to the proper cardiac 
phase. Cine imaging allows evaluation of ventricular wall motion, 
wall thickening, measurement of chamber sizes, and assessment of 
valvular morphology and function.

Cardiac tagging is a widely available technique that produces a 
deformable reference grid that allows visualization and quantifica
tion of regional heterogeneity in myocardial contraction in the set
ting of coronary artery disease (CAD) and non‐ischemic 
cardiomyopathy [7–10]. It is also very useful for assessing the 
motion of the myocardium relative to the pericardium. 
Displacement encoding with stimulated echo (DENSE) is a tissue 
tracking variant that overcomes some of the limitations of tagging 
by allowing direct visualization of myocardial displacement and 
tracking of myocardial displacement on a pixel basis [3].

Tissue characterization is a unique feature of CMR. It uses the 
characteristics of proton relaxation (i.e., the relaxation times T1, T2, 
and T2*) to characterize myocardial or vascular tissue. T1 images 
are often used for contrast‐enhanced studies while T2 and T2* 
imaging have mostly been used in non‐contrast approaches. For 
example, within the myocardium, T2‐weighted CMR imaging is 
sensitive to regional or global increases of myocardial water content 
as with acute transplant rejection, acute myocarditis, and acute 
myocardial infarction. T2* relaxation times are significantly altered 
by the myocardial iron content and their quantification provides an 
excellent marker for iron overload [2]. Pixelwise T1 and T2 maps 
whereby an estimate of T1/T2 is encoded in the intensity of each 
pixel allows for quantification of the parameter of interest. This per
mits establishment of normal ranges and the assignment of colors 
for simplification of visual interpretation [11–13].

Perfusion imaging for the assessment of myocardial blood flow 
and ischemia is performed at rest and with a pharmacologic vasodi
lator stress agent such as adenosine or regadenoson. T1‐weighted 
GRE images are acquired every heart beat in diastole to study the 
first pass kinetics of GBCAs. Usually, 3–4 myocardial slices 
(depending on heart rate) are obtained to ensure adequate ventricu
lar coverage and temporal resolution. T1‐weighting is accentuated 
for accurate depiction of GBCAs which substantially shorten the T1 
of the myocardium causing an increase in signal intensity. Signal 
intensity (SI) correlates with contrast concentration and analysis 
can be performed in a qualitatively or quantitatively. Most fre
quently, a trained observer qualitatively examines the myocardium 
for low signal or hypoperfusion relative to normally perfused seg
ments. In delayed enhancement (DE) or late gadolinium enhance
ment (LGE) CMR, the differential distribution volume of GBCAs 
and T1 difference between necrotic or fibrotic and normal myocar
dium is exploited to generate contrast on an inversion recovery (IR) 
T1‐weighted GRE sequence. The inversion delay is chosen such 
that normal myocardium is “nulled” (zero SI) and appears very dark 
while necrotic or fibrotic myocardium appears bright (Figure 10.1). 
This is a consequence of the loss of cell membrane integrity and 
interstitial edema associated with infarction that increases the vol
ume of distribution of GBCAs in the extracellular space [14,15]. In 
addition, reduction in functional capillary density alters the con
trast kinetics of GBCAs such that washout from infarcted myocar
dium occurs at a much slower rate than from normal myocardium 
[15]. Areas of prior infarction will have higher concentrations of 
contrast on DE images 5–10 minutes after intravenous administra
tion of GBCAs. LGE due to ischemic heart disease is typically sub
endocardial but may be extensive and transmural. Left ventricular 
(LV) epicardial and midwall patterns of LGE are associated with 

infectious and inflammatory conditions such as myocarditis and 
sarcoidosis. In cardiac amyloidosis, molecular binding to amyloid 
protein and very rapid washout of GBCAs from blood results in 
extensive uptake in myocardial tissue. Single‐shot LGE imaging 
using a long inversion time (~600 ms) is useful for detecting 
thrombi and can be obtained 2–5 minutes post contrast [5,16,17].

Blood flow can be quantified by phase contrast velocity mapping 
(PCVM) using velocity‐encoded sequences. Velocity‐encoding 
phase shifts result from the sequential application of bipolar mag
netic field gradients of opposite polarity. The first gradient pro
duces a phase shift that is reversed by the second pulse such that 
stationary spins will have no net phase at the end of the sequence. 
However, flowing spins will acquire a net phase change dependent 
on velocity in the direction of the flow‐encoding gradients [18]. 
The maximum velocity encoded by the sequence is termed the Venc 

(a)

(c) (d)

(b)

Figure 10.1 (a) Two‐chamber view showing high signal intensity (SI) 
transmural late gadolinium enhancement (LGE) of the entire anterior 
wall, apex, and inferior wall with an apical thrombus (white arrow).  
(b) Four‐chamber view showing high SI transmural delayed enhancement 
(DE) of the septum, apex and apical lateral walls with underlying 
thombus (white arrow). (c, d) Mid and distal short axis slices of the left 
ventricle showing delayed transmural enhancement of the anterior, 
septal, and inferior walls. Patient was a 37‐year‐old man who had an 
ST‐segment elevation MI and received percutaneous intervention (PCI) 
to the let anterior descending (LAD) artery. He had a previous PCI to 
the obtuse marginal branch of the circumflex and the right coronary 
artery (RCA) is found to be occluded at that time. The study was 
performed for heart failure evaluation. Also note the four chamber 
dilatation and surrounding pericardial effusion. The circumflex artery 
territory is viable but there is no viable myocardium in the LAD and 
RCA territories.
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and should be set at a value just above the anticipated velocities to 
be measured to avoid aliasing. Aliasing results in artifactual reduc
tion of measured flow while a Venc setting that is too high leads to 
increased noise or inaccuracy of flow or velocity measurement [5]. 
Two sets of data are obtained. The magnitude data provide the map 
of protons within the slice, giving the conventional cross‐sectional 
image. The other set of data obtained is the phase data. This dataset 
provides a map of the velocity of the protons within the slice. The 
intensity of a pixel in a phase image reflects the velocity of the 
protons within that pixel. Evaluation of the intensity of a region of 
pixels provides quantitative data reflecting the flow of blood 
through a portion of the heart or artery [18].

Contrast enhanced MR angiography (CE‐MRA) is most often 
performed using thin‐section T1‐weighted spoiled GRE image 
acquisitions during the arterial passage of intravenously adminis
tered contrast [5,19]. Mutiple thin slices are obtained in a 3D volu
metric technique and then assembled into maximum intensity 
projection (MIP) and volume rendered images. Multiplanar review, 
which allows visualization of the vessel in cross‐section and evalua
tion of vessel walls, can also be performed. The thoracic aorta is 
usually imaged in the axial or sagittal plane. An oblique sagittal 
“candy cane” view which reduces the thickness of the imaging slab 
can be used to minimize breath hold time. Sequences can be per
formed with electrocardiographic (ECG) gating and imaging in 
diastole to avoid image degradation in the aortic root from cardiac 
motion. Abdominal, pelvic, and lower extremity runoff studies are 
usually obtained in the coronal plane and are well accepted for com
prehensive evaluation of the vasculature in patients likely to require 
revascularization [20,21]. MRA for the evaluation of renal artery 
stenosis in comparison with digital subtraction angiography has 
also been well validated [22].

The visualization of coronary arteries on MR has been a long
standing challenge because of the complexities of imaging small, 
tortuous vessels at high spatial resolution. This is further com
pounded by the fact that coronary arteries are only stationary for 
brief periods of the cardiac cycle. The most successful techniques 
for imaging coronary arteries utilize navigator echo‐based cardiac‐
gated techniques to minimize respiratory motion [23,24]. A high 
spatial resolution 3D GRE volume covering the proximal and mid 
coronary arteries is acquired in mid‐diastole when coronary blood 
flow is maximized. The sequence is time consuming and the distal 
coronary segments are not well visualized. Thus, the major utility of 
this technique is for assessing the origins and to a limited degree the 
course of the coronary arteries.

patient preparation and MRI safety
Although CMR is generally considered safe, there are three main 
categories of safety concerns: potential projectiles in the MR scan
ner room, implanted cardiovascular devices, and issues related to 
contrast administration.

The first step in the preparation of a patient is screening to ensure 
that there are no major contraindications such as implanted cere
brovascular clips, cochlear implants, ocular metallic fragments, 
neural stimulators, or insulin pumps. At most institutions, MRIs are 
not performed in patients with cardiac pacemakers or implantable 
cardioverter defibrillator (ICD) because of the potential risk and of 
device malfunction, excessive device or lead heating, or induction 
of currents within the leads. In addition, the wires and generator 
can sometimes be associated with significant artifact and other 
imaging modalities have to be considered. Recent reports, however, 

suggest that CMR can be performed safely in patients with 
p acemakers and ICDs manufactured after 2000 if the benefits 
are  deemed to outweigh the risks [25,26]. Consultation with a 
Pacemaker/ICD expert or electrophysiologist is recommended 
prior to CMR imaging [26]. Most coronary and peripheral stents 
are safe for CMR, even immediately after implantation, as are many 
nitinol‐based devices, such as septal/left atrial appendage occluders 
and prosthetic valves [2]. If there is any doubt as to the safety of a 
device, further enquiry should be made, a CMR safety or physics 
expert may be consulted or an alternative procedure can be per
formed. GBCAs should not be administered patients with acute or 
chronic severe renal insufficiency (i.e., GFR <30 mL/min) who are 
at increased risk for nephrogenic systemic fibrosis or nephrogenic 
fibrosing dermopathy (NSF/NFD) [27] and pregnant patients.

The patient is then briefed on what to expect throughout the 
study and instructed on breath holding as most sequences are per
formed on end‐expiration and require 5–10 second breath‐holds. 
Informed consent is usually obtained for contrast and stress CMR 
studies. A 20‐gauge intravenous catheter is placed in an arm vein 
for the administration of the contrast agent. A second intravenous 
line is placed in the contralateral arm if a pharmacologic stress 
agent is to be administered. Vector cardiographic chest leads are 
placed for ECG gating and respiratory monitoring can be achieved 
by attaching a bellows‐type belt around the patient’s waist. The 
phased array cardiac receiver coil is then placed on the precordium. 
Brachial cuff pressure and digital pulse oximetry is periodically 
measured for stress CMR or studies requiring sedation for claustro
phobia. Patients undergoing CMR stress imaging with adenosine or 
regadenoson should avoid caffeine‐containing substances for 12–24 
hours before the test. Although anaphylactic reactions to GBCAs 
are rare [2], patients with prior documented reactions should be 
premedicated with steroids and antihistamines 12–24 hours prior 
to the scan.

applications of CMR
Heart failure
Rest CMR is useful for the initial evaluation of cardiac structure and 
function for newly suspected or potential heart failure (HF): 
patients with new symptoms or signs of HF, prior to or during the 
use of cardiotoxic chemotherapy in patients without prior LV func
tion assessment, in patients with familial or genetic dilated cardio
myopathies, in adult congenital heart disease, and in patients with 
acute myocardial infarction (AUC imaging in HF 2013). In the 
evaluation of ischemic etiology, stress/rest CMR can be performed 
in patients with or without angina or ischemic equivalent. After 
ischemic etiology is determined, in patients with mild–severe LV 
dysfunction, LV ejection fraction 30–49% and suitable coronary 
anatomy for revascularization, viability evaluation can be per
formed using stress/rest or rest CMR. CMR can also be use to deter
mine candidacy for ICD or cardiac resynchronization therapy 
(CRT) and for pre‐procedure planning (i.e., assessment of fibrosis, 
intracoronary thrombus, and coronary vein variations) [28].

CMR offers more accurate assessment of function and morphol
ogy than most other imaging modalities, providing reliable volu
metric data with high diagnostic image quality in nearly all patients. 
High precision and avoidance of ionizing radiation allows CMR to 
be used in serial evaluations of patients with heart failure to assess 
response to medical therapy to follow disease progression. Cine 
SSFP sequences are used to visualize and quantify global left and 
right atrial and ventricular systolic function relative to reference 
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datasets for normal subjects. Regional biventricular function can be 
assessed qualitatively and quantitatively by myocardial tagging. LV 
diastolic function parameters such as the mitral inflow and pulmo
nary vein flow patterns as well as tissue velocity and strain and 
strain rates can be obtained similar to echocardiography. The distri
bution of scarring on LGE allows for accurate discrimination of 
ischemic from non‐ischemic cardiomyopathies [29]. Non‐ischemic 
etiologies of heart failure either do not have detectable scars or have 
a non‐subendocardial distribution that is very distinct from 
ischemic subendocardial to transmural patterns. In hypertrophic 
cardiomyopathy (HCM), the LGE is typically found in hypertro
phied regions and in the interventricular septum close to the right 
ventricular (RV) insertion areas [30,31]. In dilated cardiomyopathy, 
a mid‐myocardial stripe of septal fibrosis is more typical and is of 
strong prognostic value [32]. In patients with acute heart failure, 
T2‐weighted CMR may be useful to detect myocardial inflamma
tion due to acute myocarditis [33,34]. In cardiac iron overload, 
quantification of T2* relaxation times have proven useful for 
e stimating intramyocardial iron content [35].

Coronary artery evaluation
CMR has evolved over the past 10–15 years as an important diag
nostic modality for coronary anomalies and coronary artery aneu
rysms despite the limitations previously highlighted in the section 
on imaging techniques [23,36]. Coronary anomalies are rare (~1% 
of the general population [37]) and usually benign. Congenital cor
onary anomalies in which the anomalous segment courses between 
the aorta and pulmonary artery are a well‐recognized cause of myo
cardial ischemia and sudden cardiac death, especially among young 
adults [38,39]. CMR is also very helpful for visualizing the course of 
coronaries especially when intramural segments are present [2]. 
Most acquired coronary aneurysms arise as sequelae of mucocuta
neous lymph node syndrome (Kawasaki’s disease) and are associ
ated with short and long‐term morbidity and mortality [40]. These 
aneurysms have been accurately identified and characterized on 
CMR [41,42].

In specialized academic centers, CMR has proven useful for the 
discrimination of multivessel CAD which is helpful in patients with 
a dilated cardiomyopathy and no clinical history of myocardial 
infarction. Focal stenosis usually appears as signal attenuation. An 
international multicenter, free‐breathing, 3D volume targeted CMR 
study of patients without prior angiography showed a high sensitiv
ity (100%) and specificity (85%) with high negative predictive value 
(100%) for the identification of left main and multivessel CAD 
(≥50% diameter stenosis) by quantitative angiography [24]. The 
study was not as predictive for single vessel CAD. Whole heart SSFP 
coronary CMR methods appear to be as accurate as free breathing 
methods and can be useful for heavily calcified vessels which cause 
blooming artifacts on CT [43]. However, the evaluation of coronary 
stents is limited by local signal void/image artifacts that are depend
ent on stent material and CMR sequence. In comparison with the 
native coronary arteries, reverse saphenous vein and internal mam
mary artery grafts are relatively easy to image because of their mini
mal motion during the cardiac and respiratory cycles and the larger 
lumen of reverse saphenous vein grafts. Coronary CMR bypass 
graft assessment is limited by local signal loss/artifact caused by 
implanted metallic objects (hemostatic clips, stainless steel graft 
markers, sternal wires, prosthetic valves or rings, and graft stents). 
The assessment of grafts has shown good correlation with quantita
tive X‐ray angiography for both graft occlusion and stenosis. This 
resulted in a sensitivity and specificity of 61% (25/41 grafts) and 

91% (114/125 grafts), respectively, for conventional gradient‐echo 
CMR in detecting occlusions in grafts or recipient vessels. A sensi
tivity of 75% and specificity of 91% was found for grafts alone. The 
sensitivity and specificity for graft stenosis (≥50%; sensitivity) were 
82–91% and 60–62%, respectively [44]. Saphenous vein and inter
nal mammary bypass graft CMR has also been combined with rest 
and adenosine stress graft flow assessment with good results [44].

Ischemic heart disease
The combination of CMR stress perfusion, function, and LGE 
allows the use of CMR as a primary form of testing for: (i) identify
ing ischemic heart disease (IHD) in patients who have resting ECG 
abnormalities or are unable to exercise; or (ii) determining patients 
who are appropriate candidates for interventional procedures; and 
(iii) defining the distribution of large vessel CAD in candidates for 
interventional procedures [2].

Myocardial ischemia and perfusion Dobutamine stress (DS) CMR 
is useful for the assessment of inducible ischemia by the qualitative 
or quantitative (CMR tagging) evaluation of wall motion with 
increasing doses of dobutamine similar to DS echocardiography. 
Assessment of LV wall motion after low‐dose dobutamine in 
patients with resting akinetic LV wall segments is useful for identi
fying patients who will develop improvement in LV systolic func
tion after coronary arterial revascularization [2]. GRE DS CMR has 
high accuracy for detecting ischemia mainly because of the excel
lent LV endocardial visualization throughout the studies even at 
high heart rates and can be very useful for patients with poor echo
cardiographic windows [45,46]. On a meta‐analysis of stress‐
functional CMR studies, stress‐induced wall motion abnormality 
imaging demonstrated a sensitivity of 83% and specificity of 86% 
and perfusion imaging demonstrated a sensitivity of 91% and speci
ficity of 81% on a patient level [47]. Abnormalities observed during 
DS or perfusion CMR have been shown to be independent predic
tors of adverse cardiac events [48]. Three‐year event‐free survival 
was been reported at 99.2% for patients with normal DS or stress 
perfusion CMR and 83.5% for those with abnormal studies. 
Ischemia on DS or stress perfusion CMR was predictive of cardiac 
events over the 3‐year period with hazard ratios of 5.4 and 12.5, 
respectively, on univariate analysis and 10.6 and 4.72, respectively, 
on multivariate analysis [48].

Myocardial infarction and viability The spatial extent of LGE cor
relates with the distribution of myocyte necrosis in the early period 
following infarction and that of collagenous scar seen at 8 weeks 
[49–51], whereas in regions of the heart subjected to reversible 
injury, the retention of contrast does not occur. When compared 
with SPECT, LGE is more reliable in detecting subendocardial scar 
[52,53] in a study of patients evaluated for ischemic heart disease. 
Border zones of infarcts which contain healthy and necrotic myo
cytes have intermediate intensity LGE between normal and 
infarcted tissue and have been associated with the development of 
ventricular arrhythmias [54]. Areas of microvascular obstruction 
or “no‐reflow” are areas of hyoenhancement surrounded by areas of 
scar with LGE and represent areas of severe capillary damage that 
do not allow penetration of contrast even after 10 minutes after 
contrast injection. These areas of non‐viable tissue are usually seen 
in the 7–10 days post myocardial infarction (MI) and portend a 
worse prognosis (i.e., marker for post‐MI complications and greater 
predictor of MACE than LGE infarct size) [55].
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Myocarditis and non‐ischemic cardiomyopathies
Acute viral myocarditis
CMR is considered to be the most versatile and powerful tool in the 
diagnosis of myocarditis. CMR should be performed when there 
are new or persisting symptoms (dyspnea, palpitations, effort 
i ntolerance, malaise or chest pain) suggestive of myocarditis; plus 
evidence of recent or ongoing myocardial injury (ventricular 
d ysfunction, new or persisting ECG abnormalities or elevated tro
ponin); plus suspected viral etiology (history of recent systemic 
viral illness or previous myocarditis, absence of risk factors for 
CAD/age <35 years, symptoms not explained by coronary stenosis 
on angiogram or recent negative stress test) [34]. The Lake Louise 
CMR diagnostic criteria developed by an expert consensus group is 
as follows. In the appropriate clinical setting, CMR findings are 
consistent with myocardial inflammation if at least two of the fol
lowing criteria are present: regional or global myocardial SI increase 
in T2‐weighted images; increased global myocardial early gadolin
ium enhancement (EGE) ratio between myocardium and skeletal 
muscle in gadolinium‐enhanced T1‐weighted images; and at least 
one focal lesion with non‐ischemic regional distribution in inver
sion recovery LGE T1‐weighted images  [34]. Studies using com
bined (any two of three) criteria demonstrate high specificity 
(89–96%), accuracy (73–85%), and positive predictive value (88–
95%) for the CMR diagnosis of myocarditis [56,57]. New native and 
post‐contrast T1 mapping techniques with extracellular volume 
quantification improve the diagnostic criteria of CMR compared 
with the Lake Louise criteria [58,59].

CMR is useful for the diagnosis of various cardiomyopathies 
allowing for appropriate therapy and prognostication. CMR is con
sidered to identify the etiology of cardiac dysfunction and heart 
failure including: (i) evaluation of dilated cardiomyopathy in the 
setting of normal coronary arteries; (ii) patients with positive car
diac enzymes without obstructive atherosclerosis on angiography; 
(iii) patients suspected of amyloidosis or other infiltrative diseases; 
(iv) HCM; (v) arrhythmogenic RV cardiomyopathy (ARVC); or 
(vi) syncope or ventricular arrhythmia [2].

Dilated cardiomyopathy
Progressive LV dilatation, LV systolic dysfunction, and regional 
mid‐wall myocardial fibrosis associated with dilated cardiomyopa
thy can be evaluated by CMR. Fibrosis on LGE has been associated 
with adverse cardiac events [32] and focal interventricular mid‐wall 
septal fibrosis has been linked to ventricular arrhythmias [60].

Stress (Takotsubo) cardiomyopathy
Stress cardiomyopathy (SC) is acute reversible LV dysfunction fol
lowing a stressful event with a classic appearance of apical balloon
ing and hypercontractile basal segments. Other variants with mid 
or basal LV hypocontraction or RV involvement have also been 
described. This condition has typically been diagnosed on the basis 
of history, the ECG, cardiac enzyme profile, contraction pattern on 
echocardiography or ventriculography, and the absence of signifi
cant CAD on coronary angiography. CMR is uniquely suited for the 
evaluation of patients with SC because it allows for accurate visuali
zation of regional wall motion abnormalities, precise quantification 
of LV and RV function, and assessment of concomitant abnormali
ties (e.g., pericardial and pleural effusion, LV and RV thrombi). 
CMR imaging also provides markers for reversible (inflammation, 
ischemic edema) and irreversible (necrosis/fibrosis) injury, which 
may be particularly important to verify SC and exclude similar dis
eases such as acute MI or myocarditis. On a retrospective study of 

SC, myocardial edema with a distinct transmural, midventricular to 
apical distribution matching the distribution of LV dysfunction was 
observed. [61]. In the same study, there was no LGE at the threshold 
normally set for myocardial infarction of five standard deviations 
above remote myocardium. Also, of the patients who underwent 
the three CMR protocol requirements for the Lake Louise consen
sus criteria for myocarditis, 67% were positive for acute myocardial 
inflammation, with increased values for the T2 SI ratio and the EGE 
ratio during the acute phase [61].

Non‐compaction cardiomyopathy
Non‐compaction cardiomyopathy is characterized by a thin com
pacted myocardium in the mid and apical segments of the LV asso
ciated with regional dilatation, dysfunction, and hypertrabeculation. 
On CMR, an end‐diastolic ratio of the non‐compacted to c ompacted 
LV myocardium of ≥2.3 is considered diagnostic [62].

Arrhythmogenic RV cardiomyopathy
ARVC is characterized by global or regional dilatation of the RV 
(and in some cases the LV). Fatty and or fibrous replacement of the 
myocardium may be found on histology but this is not considered 
to be specific for the disease. As a result, the identification of myo
cardial fat on CMR is no longer considered a diagnostic criterion. 
Instead, RV dilatation with RV volumes indexed to body surface 
area with specific cut‐offs for men and women and reduced RVEF 
as well as global and regional RV and LV myocardial dysfunction 
are the criteria released by the task force [63]. LGE of RV fibrosis 
has also been reported as a useful marker [64].

Hypertrophic cardiomyopathy
HCM is characterized by excessive myocardial hypertrophy, myo
cardial fibrosis, diastolic function abnormalities, and dynamic LV 
outflow tract obstruction. Cine images are useful for assessment of 
LV morphology, quantification of LV volumes and mass, and for 
visualization of the turbulent jet associated with systolic anterior 
motion of the mitral valve. Scattered areas of focal LGE are seen in 
the myocardium in areas of hypertrophy and are associated with 
decreased systolic thickening and perfusion deficits. In a recent 
study, LGE involving ≥15% of LV mass was identified as a novel risk 
marker for sudden cardiac death (SCD) which can be used as an 
arbiter when conventional risk stratification is ambiguous [65]. 
CMR is very sensitive for detecting HCM in first‐degree relatives of 
those with clinical HCM [66] and can identify the effects of alcohol 
septal ablation [67].

Sarcoidosis
Up to 50% of patients with pulmonary sarcoidosis have cardiac 
involvement which is the leading cause of death in these patients. 
Early contrast enhancement is useful for demonstrating areas of 
inflammation while LGE shows areas of irreversible injury [68]. 
Myocardial involvement could be subendocardial to transmural 
and does not follow a coronary distribution.

Amyloidosis
Myocardial amyloid accumulation is often a consequence of sys
temic amyloidosis with resultant increase in ventricular wall thick
ness. The amyloid protein has increased affinity for GBCAs 
resulting in a much faster clearance of the contrast from the blood 
than in other patients. The classic appearance is of a low signal 
“dark” blood pool and a very high SI myocardium that is difficult to 
“null” on LGE images. The T1 and T2 relaxation times of the 
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m yocardium are shortened from the increased accumulation of 
GBCAs and this allows for detection with high accuracy [69].

Hemochromatosis
Cardiac iron overload in diseases such as thalassemia and heredi
tary hemochromatosis can lead to dilatation, hypertrophy, and dys
function. The prognosis in this condition is based on the degree of 
cardiac involvement. Myocardial T2* quantification, which can be 
accurately determined, has been shown to be a more efficacious 
marker of cardiac iron involvement and guidance of chelation ther
apy than serial liver biopsies [35,70].

pericardial disease
Pericardial disease represents a spectrum of diseases from congeni
tal absence, pericardial effusion, and effusive constrictive pericardi
tis to constrictive pericarditis (CP) (Figure 10.2). CMR can provide 
information on the extent of pericardial disease (regardless of body 
habitus or prior surgical procedures), abnormalities in surrounding 
structures, and allows an accurate measurement of pericardial and 
related structures. It also provides superior tissue characterization 
including an estimate of inflammation [2,71]. Black blood T1‐
weighted SE CMR is used for morphologic assessment of the peri
cardium, intrathoracic and mediastinal structures. Black blood 
T2‐weighted SE CMR highlights fluid‐rich structures such as peri
cardial effusion or myocardial edema with concomitant myocardi
tis. SSFP cine allows visualization of effusion, the often tubular 

configuration of the ventricles, and flattening/paradoxical motion 
of the interventricular septum in CP. It also allows for quantifica
tion of chamber size/function including RV/right atrial (RA) col
lapse. Ventricular interdependence, which is the sine qua non of 
diagnosis of CP differentiating it from restrictive cardiomyopathy, 
can be evaluated on real‐time cine CMR. Other physiologic conse
quences of CP such as distension of the inferior vena cava/hepatic 
veins can be observed on various sequences. Tagged cine can be 
used to demonstrate tethering or adhesion of the pericardial layers 
which impairs the normal sliding motion of the pericardium across 
the myocardium. This is particularly helpful in the subset of patients 
with organized pericardial effusions or pericardial adhesions and 
normal pericardial thickness [2]. Perfusion CMR imaging is recom
mended to assess the blood supply of pericardial mass lesions and 
high SI on LGE suggests pericarditis.

Congenital heart disease
CMR may be used for assessing cardiac structure and function and 
blood flow through the heart, great vessels, cardiac shunts, and extra
cardiac conduits in individuals with simple and complex congenital 
heart disease (CHD) before and after surgical repair [72]. The abil
ity of CMR to delineate complex anatomy and the lack of ionizing 
radiation is particularly attractive in the pediatric age group as 
serial follow‐up studies are usually required [73]. CMR has high 
accuracy and reproducibility for assessment of ventricular cavity 
size and systolic function in CHD [74]. This is important as patients 

(a) (c) (e)

(b) (d) (f)

Figure 10.2 Free breathing cine sequences on inspiration. (a) Four‐chamber view showing flattening of the septum and tubular elongation of 
the ventricles with a small left pleural effusion. (b) Mid-short axis showing thick pericardium of ~ 8 mm (white arrow), septal flattening, and 
circumferential pericardial effusion. Myocardial tagging in diastole. (c, d) Four‐chamber and mid‐short axis showing adherent pericardium 
(arrowheads). LGE imaging. (e, f) Four-chamber and mid-short axis showing marked circumferential pericardial thickening and enhancement 
(white arrows) consistent with pericarditis. Patient was a 56‐year‐old man who developed cough and fever after a vacation. He presented 
1 month after the onset of symptoms with shortness of breath and CMR was consistent with constrictive pericarditis.
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with CHD tend to have unusual cardiac chamber shapes and sizes 
as a consequence of the baseline altered physiology or the numer
ous corrective procedures with concomitant exposure to cardiopul
monary bypass or deep hypothermic circulatory arrest.

CMR with PCVM for quantification of the pulmonary to sys
temic flow ratio (Qp/Qs) (shunt fraction) is useful in patients with 
simple CHD such as atrial and ventricular septal defects [75,76]. In 
tetralogy of Fallot (TOF), the regurgitant fraction of the often dis
rupted pulmonic valve can be quantified. The caval contributions of 
blood flow to each lung in patients with single ventricle physiology 
who have undergone Glenn and Fontan procedures can be deter
mined [77]. CMR, often with CE‐MRA, is also helpful for the 
assessment of abnormalities of the great vessels such as transposi
tion and obstructive aortic anomalies such as aortic coarctation and 
interruption. CMR (SE, cine, dynamic PCVM) with CE‐MRA is 
superior to other imaging modalities including echocardiography 
for combined anatomic (location and severity of narrowing) and 
physiologic (trans‐coarctation pressures gradient and collateral 
flow assessment) of coarctation [2]. CMR and CE‐MRA are useful 
for distinguishing true from pseudocaoarctation and for assessing 
complications of repair such as restenosis or pseudoaneurysm for
mation [2]. Aortic arch anomalies and vascular rings (i.e., double 
aortic arch, right aortic arch with aberrant left subclavian artery, or 
mirror‐image right aortic arch with left‐sided ligamentum arterio
sum) can cause varying degrees of compression of the trachea and/
or esophagus, without or with symptoms stridor, dyspnea, cyanosis, 
or dysphagia. These anomalies and their potentially life‐threatening 
complications can be imaged with CMR and/or CE‐MRA [2].

Valvular heart disease
CMR may be used in the assessment of valvular stenosis, valvular 
and regurgitation, para‐ or perivalvular masses, perivalvular com
plications of infectious processes, or prosthetic valve disease. CMR 
is a particularly useful for identifying serial changes in LV volumes 
or mass that occurs with valvular dysfunction. Although cine SSFP 
is usually preferred for functional imaging, standard GRE sequences 
are preferred for jet visualization and qualitative assessment of valve 
disease because of their longer echo time [78]. Valve disease on 
GRE sequences is usually seen as a signal void or turbulent jet just 
above or below the valve. CMR planimetry of the aortic and mitral 
valves correlates with planimetry on echocardiography. CMR plani
metry of the mitral valve often results in overestimation of the valve 
area relative pressure half‐time secondary to translational motion 
of the heart [79,80]. Isolated mitral or tricuspid valve regurgitation 
can be estimated from the difference of the LV and RV stroke vol
umes. A more direct method for the outflow valves is to use PCVM 
to obtain the peak/mean velocities of the jet and the flow through a 
stenotic valve [81]. The pressure gradient is then calculated by plug
ging the velocities into the Bernoulli equation. Forward and reverse 
volume across a valve for the quantification of regurgitant fraction 
is also possible with PCVM. In‐plane PCVM is helpful for assessing 
the direction of eccentric jets as is often the case with mitral or 
bicuspid aortic valve regurgitation.

Vascular disease
Aortic disease
CMR imaging techniques (e.g., spin echo, GRE, and cine PCVM; 
and 3D CE‐MRA) permit the assessment of the anatomic abnor
malities and the predisposing or resulting pathophysiologic changes 

associated with diseases of the aorta [2]. These techniques are used 
in the following conditions:
1 Aneurysm: to elucidate etiology and identify associated aortic 

valve abnormalities for pre‐surgical planning
2 Atherosclerosis and penetrating ulcer: to identify aortic pseudo

aneurysms, non‐communicating dissection
3 Traumatic injury: to identify aortic wall hemorrhage and differ

entiate between partial and circumferential tears
4 Dissection: to identify acute versus chronic states, delineate the 

extent and locate antry and exit flaps, measure flow in the true 
and false lumen, differentiate from intramural hematoma and 
assess associated aortic valve involvement

5 Aortitis: detection of wall inflammation and measurement of 
wall thickness in response to treatment.
Post‐surgical repair, CE‐MRA can be used to assess disease 

p rogression or regression and postoperative complications 
[82,83].

Peripheral arterial disease
CMR is appropriate for patients with lower extremity claudication 
and for the evaluation of location and degree of stenosis for selec
tion of patients for revascularization. 2D times of flight (TOF) 
techniques were used in the past but 3D CE‐MRA has been shown 
to be more accurate for detecting and grading stenosis. For 
extended (up to 1 m) coverage, a multistation (“bolus chase”) CE‐
MRA with a single contrast injection is preferred. A hybrid tech
nique with a supplemental dedicated CE‐MRA of the lower 
extremities improves visualization of the infrapopliteal arteries 
especially in diabetic patients in whom arterial enhancement can 
be variable or fast. Prospective studies have shown CE‐MRA to be 
more sensitive and specific for the detection of arterial stenosis of 
greater than 50% compared with duplex ultrasound [84]. In a ran
domized study of consecutive patients [85] randomized to either 
peripheral CE‐MRA or 16‐slice cardiac CT angiography (CTA), 
CTA was found to be less expensive with no statistically signifi
cant differences in patient outcomes (i.e., quality of life). Mean 
therapeutic confidence for CE‐MRA and CTA were similar and 
comparable to that for digital subtraction angiography. CTA 
exposed participants to ionizing radiation and ionic contrast. 
Compared with CTA and ultrasound, CMR has the additional 
advantage of being able to characterize a therosclerotic plaque 
components.

Carotid disease
Carotid endarterectomy (CEA) or carotid artery stenting (CAS) 
is recommended in appropriate patients with severe sympto
matic stenosis (70–99%). Various techniques including 2D and 
3D TOF with or without CE‐MRA have been utilized for the 
assessment of the carotid arteries. Availability of 3.0‐T CMR 
units and recent developments in parallel imaging have greatly 
improved the performance of CE‐MRA such that it rivals CTA 
and conventional angiography for the assessment of coronary 
stenosis and aneurysms [86–88]. PCVM has been found useful 
for the evaluation of peak velocity and flow of stenotic carotid 
s egments and vertebral artery flow in subclavian steal 
syndrome.

Renal artery disease
CMR can be used to assess renal artery stenosis, dissection, aneu
rysmal dilatation, and quantify renal blood flow. Multiple renal 
arteries are common and CMR is useful for detecting the number 
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and location of the arteries as well as the configuration of renal 
blood supply in horseshoe kidneys. Renal and adrenal parenchymal 
mass lesions can also be detected on CMR. MRA for the assessment 
of renal artery stenosis including fibromuscular dysplasia has been 
well validated against digital subtraction angiography [16]. Some 
studies have estimated the sensitivity and specificity of 3.0‐T MRA 
in the detection of intra‐abdominal arterial stenosis as 100% and 
greater than 92%, respectively [89,90].

CMR for interventional cardiac 
procedures
Transcatheter aortic valve implantation
Transcatheter aortic valve implantation (TAVI) recently emerged as 
an alternative treatment option for patients considered high risk for 
surgical aortic valve replacement (SAVR). While CTA and echocar
diography are more commonly applied in the evaluation of patients 
for TAVI, there are some specific situations in which CMR may be 
useful. Cine CMR can provide a detailed anatomic assessment of 
the AV that can be used to (i) identify the presence of congenital 
valvular abnormalities such as bicuspid aortic valve that may pre
clude TAVI, and (ii) obtain a directly planimetered aortic valve area 
[91] which is useful for assessing the severity of AS if there is a 

discrepancy between clinical and echocardiographic findings. Direct 
comparison of CMR imaging and MDCT measurements of the 
aortic root and aortic annulus has shown close agreement [92,93]. 
In patients with renal insufficiency, gated non‐enhanced MRA can 
be an alternative to CT for accurate measurements of the proximal 
aorta and evaluation of the aorto‐iliofemoral system[94,95]. The 
major limitation of CMR for TAVI planning is inadequate visualiza
tion of calcified cardiac structures.

PCVM is useful for obtaining peak velocity of the aortic valve in 
patients with technically limited echocardiographic studies [96]. 
Significant mitral regurgitation is considered a relative contraindi
cation to TAVI (primer) and concomitant aortic or mitral regurgi
tation can be quantified on PCVM. CMR is the ideal modality for 
assessing LV volumes, mass, and function to determine the optimal 
timing of intervention and identify patients in whom TAVI is con
traindicated (i.e., LVEF <20%) [91]. LGE imaging can provide 
information about the extent of scarring related to CAD or help 
identify previously undiagnosed conditions such as cardiac amyloi
dosis which can alter prognosis [97].

CMR is beginning to show promise in the evaluation of post‐
TAVI complications (Figure  10.3). In general, GRE images with 
short echo times yield fewer artifacts from the implanted core valve 
than SSFP images  [97]. The severity of perivalvular regurgitation 

LA

RA

(a) (b) (c)

(d) (e)

Figure 10.3 Post transcatheter aortic valve implantation (TAVI) complications: steady state free precession (SSFP) images showing a perivalvular 
aortic regurgitation 13 days post TAVI in a 90‐year‐old man. (a) Three-chamber view (white arrow). (b) Left ventricular outflow tract view 
showing the posterior jet (white arrow). (c) The jet (short white arrow) is located adjacent to the left atrium (LA) on the short-axis view. RA, right 
atrium. (d) SSFP images showing four‐chamber view. (e) Two‐chamber view of a pseudoaneurysm (white arrow) post‐apical puncture for TAVI in 
an 86‐year‐old woman.
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(PVR) was associated with increasing annulus diameter on both 
CMR imaging and MDCT [92]. The location and number of peri
valvular regurgitation (PVR) jets can be determined and PCVM 
allows for quantification of aortic regurgitation which helps in the 
pre‐procedural planning for closure devices when indicated. CMR 
is also useful for the assessment of PVR associated with longstand
ing surgically placed aortic and mitral valves.

Aortic coarctation
CMR has become the preferred non‐invasive tool for selection for 
percutaneous intervention (PI) and surveillance after surgery or PI 
in patients with aortic coarctation. CMR is increasing being used 
due to its ability to generate both 3D anatomic and hemodynamic 
information without radiation exposure [98–101]. CE‐MRA pro
vides 3D visualization of arch geometry, aneurysmal formation, 
and collateral vessels. Aortic stents placed during intervention 
interfere with assessment of the coarctation post‐intervention but 
collateral flow estimation is unaffected.

Right ventricular outflow tract dysfunction
Dysfunction of the right ventricular outflow tract (RVOT) post 
repair of TOF often leads to varying degrees of stenosis and regurgi
tation. CMR derived parameters of RV size and function are impor
tant for determining timing of intervention. CMR provides accurate 
information on anatomy, size, and geometry of the RVOT and pul
monary arteries. This is crucial in pre‐procedural assessment for 
percutaneous pulmonary valve implantation, as certain anatomic 
criteria are to be met for the safe anchoring of the valve [98,102,103].

emerging uses for CMR
Interventional CMR
Clinical cardiovascular interventional CMR (ICMR) has been dem
onstrated in specialized academic centers to be feasible and initial 
results are promising [104]. Using combined X‐ray fluoroscopy 
(XRF) and MR (XMR), cardiac catheterizations have been per
formed in children for the last 10 years [105]. Invasive receiver coil 
imaging of peripheral arterial atheromata has been reported 
[106,107]. MRI datasets and real‐time XRF have been combined for 
therapeutic procedures such as aortic stenting and high quality 
intra‐arterial MRA with passive device placement in the iliofemoral 
arteries has also been reported [108–110].

Conclusions
CMR is a non‐invasive radiation‐free versatile imaging modality 
that allows high resolution visualization and functional assess
ment of cardiac structures; including wall motion analysis, quanti
fication of cardiac function/blood flow, and myocardial tissue 
characterization. CMR also allows 3D anatomic depiction of 
c ardiovascular structures but, unlike CT, does not require iodi
nated contrast. Although there are a few limitations of CMR, it has 
found wide application in the assessment of cardiovascular 
c onditions and is also important in the multimodality planning 
of cardiac interventional procedures. Clinical ICMR is feasible and 
has the potential to revolutionize the field of interventional 
cardiology.

Case Study

A 59‐year‐old man with a history of hypertension, hyperlipidemia, 
and cocaine abuse was admitted to a local hospital with a 3‐day 
history of substernal chest pain, dyspnea, and diaphoresis. His 
EKG was consistent with inferior ST elevation myocardial 
infarction. Coronary angiography showed right coronary artery 
thrombosis and PCI with thrombectomy and stenting to the 
right coronary artery was performed. He had an uneventful 
hospital course and was discharged home on guideline directed 
medical therapy (GDMT).

One month after discharge, he presented in congestive heart 
failure with shortness of breath, a new murmur, and an 
enlarged cardiac silhouette on chest X‐ray. He was transferred 
to a tertiary care institution for further management. A tran
sthoracic echocardiogram showed a small pericardial effusion, 
moderate to severe mitral regurgitation, and severe left 
 ventricular dysfunction, LVEF 25%, with a basal inferolateral 
pseudoaneurysm and an inferoseptal ventricular septal 
defect with left to right flow. A CMR was performed for better 
assessment of the extent of pathology as well as calculation 
of the shunt fraction. The CMR confirmed the presence of 

mitral regurgitation (Figure  10.4a), the extent of the large 
inferobasal pseudoaneurysm (Figure 10.4b, c), a true inferoba
sal  aneurysm (Figure 10.4d), and communication between the 
left and right ventricles consistent with a rupture of the inter
ventricular septum (Figure  10.4e). The calculated LVEF was 
25%, RVEF 47% and the Qp/Qs was 1.9, consistent with a 
significant shunt.

He underwent surgical repair of the ventricular septal rupture 
and LV pseudoaneurysm/aneurysm. Six days post‐surgery he had 
an episode of sustained monomorphic ventricular tachycardia. 
The electrophysiology team was consulted and an implantable 
cardiac defibrillator was placed. He was discharged home on the 
seventh postoperative day on GDMT. A pre‐discharge echocar
diogram showed slight improvement in LV systolic function, 
LVEF 30–35%, mild mitral regurgitation and a restrictive residual 
ventricular septal defect with a peak gradient of 102 mmHg.

This case illustrates the utility of CMR in the evaluation of 
complications post‐MI/PCI in the stabilized patient. In this 
case, valuable information on the extent of ventricular damage 
was obtained for surgical planning.
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Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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The main objectives of treatment for stable angina are the relief 
of symptoms related to myocardial ischemia and improvement 
in prognosis. Significant progress has been made over the past three 
decades in drug therapy, percutaneous coronary intervention (PCI), 
and coronary artery bypasses grafting (CABG). While this chapter 
focuses on percutaneous revascularization, it is important to remem
ber that medical therapy and secondary prevention have a central 
role in the management of coronary atherosclerosis. Secondary 
prevention via lifestyle modification, treatment of conventional risk 
factors (Table 11.1), and drug therapy (Figure 11.1) [1–3] reduces 
cardiovascular mortality, myocardial infarction, unstable angina, 
onset of heart failure, and the need for revascularization, likely by 
plaque stabilization and limiting the progression of atherosclerosis.

Guidelines on the management 
of stable angina
The most recent guidelines on the management of stable angina 
have been published by the European Society of Cardiology in 2013 [4] 
as well as by the American College of Cardiology (ACC) and the 
American Heart Association (AHA) in 2012 [5]. Additional relevant 
guidelines include the 2014 ESC/EACTS Guidelines on myocardial 
revascularization (Tables 11.2 and 11.3) [6], and the ACCF/AHA/
SCAI 2011 Guideline for Percutaneous Coronary Intervention [7]. 
These guidelines are evidence based and should be the basis for 
clinical practice. However, there are several fundamental limita
tions of the trial data available on the management of stable angina. 
First, as with many clinical trials, the rigorous inclusion and 
exclusion criteria have resulted in a relatively small number of the 
screened patients being enrolled into the studies. This significantly 
limits the ability to generalize the findings to the larger population 
in daily practice. Moreover, clinical trials have generally excluded 
high risk patients with severe angina, severe atherosclerosis, severely 
reduced left ventricular (LV) systolic function, or multiple comor
bid conditions. Second, the findings of clinical trials comparing 
treatment strategies often become outdated quickly because of the 
rapid evolution in clinical practice.

Indications for coronary angiography
The decision regarding whether to treat a patient with medical 
therapy or revascularization is based on the fundamental principal 
of risk stratification. The spectrum of risk for myocardial infarction 
and cardiovascular death is wide even in “stable” coronary artery 
disease (CAD). Initial risk stratification and thereby the decision to 
perform coronary angiography can be determined by a combina
tion of clinical evaluation, and in most cases stress testing and 
an assessment of left LV function (Figure 11.2). Those with high 
risk features on clinical evaluation such as severe angina, unstable 
angina, and severe heart failure should proceed directly to coronary 
angiography without being subjected to a stress test. Coronary 
angiography is not indicated in low risk patients (Figure 11.3). The 
decision in intermediate risk patients should be based on severity of 
symptoms, response to initial medical therapy, functional status, 
lifestyle, and occupation. Moreover, a detailed discussion with 
the patient regarding the risks, benefits, alternatives, and goals of 
invasive assessment is required prior to proceeding with coronary 
angiography. Coronary angiography is indicated in patients with 
high risk features on non‐invasive assessment irrespective of symp
toms, severe angina (Class 3 of Canadian Cardiovascular Society 
Classification; CCS), diagnostic uncertainty after non‐invasive 
evaluation, and patients with the possibility of restenosis following 
PCI in a coronary distribution supplying a moderate to large 
amount of myocardium.

Percutaneous coronary intervention 
for stable angina
Several randomized trials have compared the outcomes following 
PCI with medical management for stable angina [8–11]. These 
include the studies from the balloon angioplasty era such as the 
second Randomized Intervention Treatment of Angina (RITA‐2) [9] 
and the Angioplasty Compared to Medicine (ACME) trials [10]. 
The studies and meta‐analyses of the randomized trials [12,13] 
have consistently demonstrates that PCI does not reduce the likeli
hood of death or myocardial infarction, but is more effective in 
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relieving angina in patients with single and multivessel disease. 
Notably, there was an early hazard associated with PCI in the 
RITA‐2 trial in which there was a greater likelihood of myocardial 
infarction related to the procedure, but the rates of death and myo
cardial infarction at 7 years was similar in both arms of the trial. In 
addition, studies conducted in the balloon angioplasty era had 
shown that there was an increased risk for emergency CABG in the 

PCI treated group, but this was not reported in the recent Clinical 
Outcomes Utilizing Revascularization and Aggressive Drug 
Evaluation (COURAGE) trial, presumably because of the routine 
use of stent [14].

The COURAGE trial is the largest study to compare medical 
therapy with PCI and its findings are consistent with previous stud
ies. The trial enrolled 2287 patients (approximately two‐thirds with 

table 11.1 Optimal secondary prevention in stable coronary artery disease.

Risk factor Goal/recommended intervention

Lipid management LDL‐C <1.8 mmol/L (<70 mg/dL) or >50% LDL‐C reduction when target level cannot be reached

Lifestyle modification including low fat‐low cholesterol diet; and a moderate or high dose of a statin therapy 
should be prescribed, in the absence of contraindications or documented adverse effects

Secondary goal is non‐HDL cholesterol <130 mg/dL (<3.2 mmol/L) in pts with triglycerides >200 mg/dL (>2.2 mmol/L)

Blood pressure control <140/90 mmHg (lowering to 130–139/80–85 mmHg may be better)

Lifestyle modification and drug therapy (beta‐blockers and ACE‐inhibitors preferred)

Diabetes management Hemoglobin A1C <7.0%

Lifestyle modification ± drug therapy

Smoking Complete cessation. No environmental exposure

Weight management Body mass index 18.5–24.9 kg/m2, waist circumference: men <40 inches (<100 cm), and women <35 inches 
(88 cm)

Regular physical exercise and restrict caloric intake

Physical activity 30–60 minutes of moderate‐intensity aerobic activity, such as brisk walking, at least 5 days and preferably 7 days 
per week

Angina relief

Short-acting Nitrates, plus

Event preventation

1st line

2nd line

• Beta-blockers or CCB-heart rate
• Consider CCB-DHP if low heart rate or
  intolerance/contraindications
• Consider Beta-blockers + CCB-DHP if
  CCS Angina >2

May add or
switch (1st line
for some cases)

Ivabradine
Long-acting nitrates
Nicorandil
Ranolazinea

Trimetazidinea + Consider Angio      PCI –
Stenting or CABG

• Aspirinb

• Statins
• Consider ACEI or ARBs

• Lifestyle management
• Consider of risk factors

+ Educate the patient

Figure 11.1 Medical management of stable angina (ESC guidelines). ACEI, angiotensin‐converting enzyme inhibitor; CABG, coronary artery 
bypass graft; CCB, calcium channel blocker; CCS, Canadian Cardiovascular Society; DHP, dihydropyridine; PCI, percutaneous coronary interven-
tion. a Data for diabetics. b If intolerance, consider clopidogrel. Source: Montalescot et al. 2013 [4]. Reproduced by permission of Oxford 
University Press.
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two or three vessel disease) with stable CAD. The inclusion criteria 
were either a coronary stenosis ≥80% and classic angina without 
provocative stress testing, or a stenosis ≥70% in at least one proximal 
epicardial coronary artery and objective evidence of myocardial 
ischemia. A large number of patients were excluded from the trial 
because of high risk features such as a strongly positive stress test, 
persistent CCS class IV angina, an ejection fraction of <30%, refrac
tory heart failure or cardiogenic shock, revascularization within the 
previous 6 months, and those with coronary anatomy unsuitable for 
PCI. The randomization was to either optimal medical therapy 
alone or PCI with optimal medical therapy. During a median 
follow‐up duration of 4.6 years, there was no difference in the 
primary composite endpoint of death and nonfatal myocardial 

infarction (19.0% vs. 18.5%; p = 0.62). These findings must be to be 
interpreted in light of the facts that less than 10% of the patients 
screened met eligibility criteria for enrolment (as is the case in 
virtually all revascularization trials), 85% of patients were male, and 
that randomization was performed in the cardiac catheterization 
laboratory following angiography, which may have contributed to 
selection bias. The percentage of those requiring revascularization 
during follow‐up were 21.1% of patients in the PCI arm, compared 
with 32.6% in the medical arm. The repeat revascularization rates 
in the PCI group would likely have been lower had drug‐eluting 
stents (DES) been used. PCI was associated with a small reduction 
in the requirement for anti‐anginal therapy and greater likelihood 
of freedom from angina; however, this benefit diminished over 

table 11.2 ESC Guideline indications for revascularization in patients with stable angina or silent ischemia.

extent of cAD (anatomical and/or functional) classb Levelc

For prognosis Left main disease with stenosis >50%a I A

Any proximal LAD stenosis >50%a I A

Two‐vessel or three‐vessel disease with stenosis >50%a with impaired LV function (LVEF <40%)a I A

Large area of ischemia (>10% of LV) I B

Single remaining patent with coronary artery stenosis >50%a I C

For symptoms Any coronary stenosis >50%a in the presence of limiting angina or angina equivalent, unresponsive 
to medical therapy

I A

CAD, coronary artery disease; LAD, left anterior descending; LV, left ventricular; LVEF, left ventricular ejection fraction;
a With documented ischemia or FFR 0.80 for diameter stenosis <90%.
b Class of recommendation.
c Level of evidence.
Source: Windecker et al. 2014 [6]. Reproduced by permission of Oxford University Press.

table 11.3 ESC guidelines for the type of revascularization (CABG or PCI) in patients with stable angina with suit-
able coronary anatomy for both procedures and low predicted surgical mortality.

Recommendations according to the extent of cAD

cABG Pci

classa Levelb classa Levelb

One- or two‐vessel disease without proximal LAD stenosis IIb C I C

One‐vessel disease with proximal LAD stenosis I A I A

Two‐vessel disease with proximal LAD stenosis I B I C

Left main disease with a SYNTAX score ≤ 22 I B I B

Left main disease with a SYNTAX score 23–32 I B IIa B

Left main disease with a SYNTAX score > 32 I B III B

Three‐vessel disease with a SYNTAX score ≤ 22 I A I B

Three‐vessel disease with a SYNTAX score 23–32 I A III B

Three‐vessel disease with a SYNTAX score > 32 I A III B

a Class of recommendation.
b Level of evidence.
Source: Windecker et al. 2014 [6]. Reproduced by permission of Oxford University Press.
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time. Of note, approximately one‐third of the patients in the medi
cal arm had to cross over to PCI as a result of inadequate control of 
symptoms with optimal medical therapy. Finally, it is important to 
recognize that the findings of the COURAGE trial are also in keep
ing with earlier studies comparing CABG with medical therapy in 
which surgical revascularization did not improve survival or pre
vent myocardial infarction in patients with stable disease who had 
mild to moderate symptoms and good LV function.

Despite the overall conclusion of the COURAGE trial, the impor
tance of risk stratification based on the magnitude of ischemic 
burden was highlighted by the results of the nuclear perfusion stress 
test substudy. The findings indicated that medical therapy alone 
was associated with a higher risk of mortality and infarction in 
patients who had a reversible perfusion defect involving more than 
10% of the myocardium. These data suggest that a more sophisti
cated approach than subjective visual estimation of coronary sten
oses and their ischemic potential is required in the management of 
stable CAD [15]. Measurement of fractional flow reserve (FFR) 
appears to be beneficial in the triage of patients with an intermedi
ate stenosis who have not had a stress test prior to the angiogram. 
In the DEFER trial, patients with single vessel disease and an interme
diate stenosis, an FFR ≥0.75 identified a low risk group of patients 

who did not benefit from angioplasty at a follow‐up of 5 years. In 
the more recent Fractional Flow Reserve versus Angiography for 
Multivessel Evaluation 2 (FAME 2) trial, the clinical utility of FFR 
measurement in patients with stable coronary artery disease being 
angiographically evaluated for PCI was assessed [16]. FFR was 
measured across all lesions with a ≥50% diameter reduction in a 
major native epicardial coronary artery with a diameter of at least 
2.5 mm and supplying viable myocardium. Patients with at least one 
stenosis with an FFR of ≤0.80 were randomized to FFR‐guided PCI 
of all stenoses with FFR ≤0.80 with DES plus best medical therapy, 
or best medical therapy alone. The primary endpoint was a com
posite of death, myocardial infarction, or unplanned hospitalization 
leading to urgent revascularization at 24 months. The study was 
stopped prematurely by the data and safety monitoring board. After 
a mean duration of follow‐up of 213 days, after randomization of 
888 of the planned 1632 patients, the primary endpoint occurred in 
4.3% who had PCI compared to 12.7% who were managed medi
cally (hazard ratio [HR] 0.32, 95% CI 0.19–0.53). The difference 
persisted at 2‐year follow‐up. The reduction was driven by a lower 
rate of urgent revascularization in the PCI group. Though “urgent 
revascularization” is considered a “soft” endpoint, the definition 
used to define the events met criteria for an acute coronary syndrome 
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and 50% of the patients had objective evidence of ischemia. 
Limitations of FAME 2 include the premature termination of the 
trial, lack of non‐invasive stress test documentation of ischemia 
prior to angiography, and the absence of double blinding of the 
assigned strategy such that the results of FFR measurement in the 
medical arm may have biased the patient’s and/or physician’s decision 
for preceding with crossover to PCI. Nevertheless, the findings of 
FAME 2 suggest that PCI is appropriate in patients with function
ally significant stenosis involving a moderate or greater myocardial 
territory, and this is reflected in current guidelines (Table 11.2). 
Most interventionist use a FFR‐guided strategy for intermediate 
(50–70% diameter stenosis) lesions in the absence of objective doc
umentation of at least moderate ischemic burden in the coronary 
territory of interest or unclear results from stress testing.

The Medicine, Angioplasty, or Surgery Study (MASS) and MASS 
II trials have compared medical therapy with PCI and CABG in 
stable angina. The MASS trial enrolled patients with single vessel 
disease (>80% proximal left anterior descending artery stenosis) 
[17]. While balloon angioplasty and medical therapy were associ
ated with greater need for revascularization, there was no difference 
in rate of death or myocardial infarction in the three groups during 
follow‐up. The trial was conducted in the pre‐stent era without 
modern medical therapy which limits the applicability of the find
ings to contemporary practice. The MASS II trial, however, was 
conducted in patients with multivessel disease, and had a similar 
design except that PCI was performed with bare metal stents in 

most patients, and more contemporary medical therapy was imple
mented. At 5 years, the results were similar to the MASS trial in that 
there was no difference in death or myocardial infarction between 
the three treatment strategies, but the need for revascularization for 
refractory angina during follow‐up was much higher with medical 
therapy and PCI [18].

A unique study in elderly patients with stable angina was the Trial 
of Invasive vs. Medical therapy in Elderly patients (TIME). At 1 year, 
the primary endpoint of quality of life was equally improved with both 
strategies. The invasive approach was associated with an early hazard, 
but there was no difference with regards to reduction in symptoms, 
death, or non‐fatal infarction at 1 year. PCI did reduce the likelihood 
of subsequent hospitalization for uncontrolled symptoms [19].

A significant number of patients with CAD have asymptomatic 
or “silent” ischemia which is associated with an increased risk of 
cardiovascular events. The Asymptomatic Cardiac Ischemia Pilot 
(ACIP) study investigated the efficacy of three treatment strategies 
among patients with stable disease who had angina or silent ischemia 
from single or multivessel disease. Patients were randomized to 
angina‐guided medical therapy, angina plus ischemia‐guided medical 
therapy, or revascularization by either balloon angioplasty or CABG. 
At 2 years following randomization, revascularization was associated 
with a lower mortality and a reduction in the composite endpoint of 
death, myocardial infarction, and recurrent hospitalization [20]. An 
important study that evaluated treatment of silent ischemia is the 
Swiss Interventional Study on Silent Ischemia Type II (SWISSI II) 
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trial which compared medical therapy with balloon angioplasty 
among patients who had suffered a myocardial infarction, and had 
one or two vessel disease [21]. A surprising finding was that cardiac 
death and myocardial infarction were significantly lower in the 
group randomized to balloon angioplasty. While the findings of 
the ACIP and SWISSI II trials are significant, they need to be 
interpreted with the knowledge that both enrolled relatively small 
number of patients and that optimal medical therapy, as defined in 
the COURAGE trial, was not implemented.

The studies to date have had significant crossover to revasculari
zation in those originally randomized to medical therapy and hence 
have been trials of “initial treatment strategies” rather than specific 
treatments. Thus, based on the evidence from the COURAGE trial 
and the preceding randomized clinical trials, it is reasonable to 
conclude that medical therapy is an appropriate initial strategy for a 
substantial proportion of patients with mild to moderately severe 
stable angina. PCI is suitable for those patients who are significantly 
symptomatic despite optimal medical therapy, or as initial strategy 
for those with a positive stress test at low workload, or have a mod
erate to large ischemic territory. Aggressive secondary prevention is 
essential regardless of the treatment strategy utilized. The findings 
of the Atorvastatin versus Revascularization Treatment (AVERT) 
trial showed that PCI in combination with inadequate lipid lowering 
therapy is associated with worse outcomes in patients with angina 
when compared with a strategy of optimal lipid management and 
medical therapy alone [11].

In BARI 2D, 2368 patients with type 2 diabetes mellitus and 
stable coronary artery disease (defined as either a ≥50% stenosis of 
a major epicardial artery with a positive stress test or ≥70% stenosis 
and classic angina) were randomized to either revascularization 
(CABG or PCI) within 4 weeks together with intensive medical 
therapy or to intensive medical therapy alone [22]. The decision 
regarding CABG versus PCI was based on clinical judgment, and 
made prior to randomization. At 5 years, there was no difference in 
the primary endpoints of the rates of survival (88.3% vs. 87.8%) or 
freedom from the composite of death, myocardial infarction, and 
stroke (77.2% vs. 77.7%). In the PCI stratum, there was no signifi
cant difference in primary endpoints between the revascularization 
group compared to the medical‐therapy only group. However, in 
the CABG stratum, the rate of major cardiovascular events was signifi
cantly lower in the revascularization group. Patients selected for 
CABG had higher angiographic and clinical risk scores than those 
selected for PCI, and it was those with the highest clinical and angi
ographic risk profile who seemed to derive a benefit from CABG.

A recent meta‐analysis from 12 randomized clinical trials with 
37,548 patient‐years of follow‐up demonstrated that PCI compared 
with medical therapy alone was associated with a statistically signifi
cant 24% relative reduction in the risk of spontaneous non‐procedural 
myocardial infraction (MI), at the cost of a 317% relative increase in 
the risk of procedural MI, with no overall difference in the risk of all 
MI. The point estimate for PCI versus medical therapy for the out
come of all‐cause mortality and cardiovascular mortality paralleled 
that of spontaneous non‐procedural MI (incident rate ratio = 0.70; 
95% CI 0.44–1.09), but was not statistically significant [23]. In a 
network meta‐analysis from 100 trials in 93,553 patients with 
262,090 patient years of follow‐up, new generation drug eluting 
stents (everolimus: rate ratio 0.75, 95% CI 0.59–0.96; zotarolimus 
(Resolute): 0.65, 95% CI 0.42–1.00) were associated with improved 
survival compared with medical treatment. However, balloon angi
oplasty (0.85, 95% CI 0.68–1.04), bare metal stents (0.92, 95% CI 
0.79–1.05), or early generation drug eluting stents (paclitaxel: 0.92, 

95% CI 0.75–1.12; sirolimus: 0.91, 95% CI 0.75–1.10; zotarolimus 
(Endeavor): 0.88, 95% CI 0.69–1.10) were not associated with 
improved survival compared with medical treatment. The findings 
suggest that there may be improved survival with new (second) 
generation DES but not with other PCI technology, compared with 
medical treatment. These reports are provocative and challenge the 
general dogma that PCI has no impact on mortality. The findings are 
especially notable because the randomized trials have generally 
limited the enrolment to patients with single vessel disease and have 
excluded high risk patients with left main disease or chronic total 
occlusion for whom revascularization can offer greater benefit. Thus, 
until further data are available and strategies for risk stratification are 
improved, therapeutic decisions ought to be based on guidelines, but 
tailored according to a combined assessment of the patient’s clinical 
presentation, severity of ischemia, and coronary anatomy [24].

Comparison of percutaneous 
and surgical revascularization
The available evidence suggests that PCI and CABG are equivalent 
for the treatment of single vessel disease. This was specifically 
investigated in the MASS trial at a single center in which patients 
with significant (>80%) proximal LAD stenosis were randomized to 
balloon angioplasty, CABG, or medical therapy. The data demon
strated that there was similar relief of symptoms with both forms 
of revascularization. However, revascularization resulted in a lower 
incidence of inducible ischemia compared to medical therapy 
alone, and all three strategies resulted in the effective treatment of 
limiting angina [17]. Similar findings have been reported from 
another small study of 134 patients with isolated proximal LAD 
stenosis in which angioplasty and CABG produced comparable 
results [25] also when the follow‐up is prolonged to 10 years [26]. 
Importantly, the need for repeat revascularization during follow‐up 
was greater with percutaneous revascularization using balloon 
angioplasty in both trials.

In the assessment of trials comparing surgery with PCI, an impor
tant premise is that none of these studies have specifically addressed 
the functional significance of the lesions treated. With respect to PCI 
in multivessel disease, the Fractional Flow Reserve vs. Angiography 
for Multivessel Evaluation (FAME) trial demonstrated that a targeted 
strategy guided by measurement of FFR provides superior outcomes 
at 1 year compared with treatment of all vessels with visually esti
mated significant stenoses [27]. Several randomized clinical trials 
[28–33] and meta‐analyses of the data [34] have compared PCI 
directly with CABG for the treatment of single and multivessel 
disease. The studies, predominantly from the pre‐stent era, were 
among relatively low risk patients with multivessel disease and pre
served LV function. By design, the inclusion criteria for these trials 
had mandated that the coronary anatomy was suitable for both 
forms of revascularization, thereby excluding most patients with 
very complex coronary anatomy or chronic total occlusions. These 
older trials provided important lessons, but are not directly relevant 
to current practice because they predated stents and the widespread 
use of internal mammary artery graft in CABG.

The largest of these studies is the Bypass Angioplasty Revascu
larization Investigation (BARI) trial in which 1829 patients were 
enrolled. PCI was performed with balloon angioplasty which was 
associated with similar frequency of death, myocardial infarction, 
and recurrent angina when compared with CABG during 10 years 
of follow‐up in the overall study population [35]. Not surprisingly, 
repeat revascularization was significantly less common in patients 
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randomized to surgery. One notable finding that has influenced 
current practice is that cardiac mortality was significantly lower 
(19.4% vs. 34.5%; p = 0.003) amongst diabetics requiring glucose 
lowering therapy who were randomized to CABG and received at 
least one mammary graft. Potential explanations for this observa
tion are that CABG offers complete revascularization and hence 
mitigates some of the adverse impact of the greater atherosclerotic 
burden and “future culprit” lesions, as well as the greater likelihood 
of restenosis and disease progression in diabetic patients. This find
ing has been confirmed in a more recent study [36] but the clinical 
relevance and applicability of the BARI study results have been 
questioned by the findings from the BARI registry, which high
lighted the importance of clinical judgment. The patients in the 
registry had clinical characteristics that were similar to those in the 
randomized trial, but the survival among diabetic patients was 
similar regardless of whether angioplasty or CABG was performed. 
It has been speculated that the conflicting results between the regis
try and the trial may have been because the treatment assignment in 
the registry was at the discretion of the physicians who might have 
selected the most appropriate form of revascularization for each 
patient [37].

The Arterial Revascularization Therapy Study Part I (ARTS I) 
and the Stent or Surgery (SoS) trials have compared bare metal stent 
based PCI with CABG [38,39]. In the ARTS I trial, death and 
myocardial infarction were similar with both treatment strategies, 
but, as one might expect, complete revascularization was less often 
achieved and repeat revascularization was more frequent with 
percutaneous revascularization. The results of the SoS trial were 
similar but, for reasons that are unclear, there was an unexpected 
higher mortality associated with PCI (5% vs. 2%; p = 0.01), likely 
unrelated to treatment selection as the difference was entirely a 
result of non‐cardiac deaths. The long‐term results (5–6 years) of 
the ARTS, ERACI II, and SoS trials, and a large (7812 patients) 
meta‐analysis including 10 randomized trials of balloon angioplasty 
or stenting vs. surgery with a median follow‐up of 5.9 years has been 
published [40–43]. In the meta‐analysis, long‐term mortality was 
similar after CABG and PCI in patients with multivessel CAD 
(hazard ratio 0.91, 95% CI 0.82–1.02; p = 0.12). CABG was associ
ated with a significantly lower mortality in patients with diabetes 
(HR 0.70, 0.56–0.87; p = 0.014 for interaction) and patients aged 65 
years or older (0.82, 95% CI 0.70–0.97; p = 0.002 for interaction).

DES account for approximately 70–80% of stents used for 
 contemporary PCI around the world but there are limited data 
comparing the outcomes between PCI using DES and CABG. There 
are three randomized clinical trials (SYNTAX, CARDia, and 
FREEDOM) to date [44–46]. Multicenter registry data from Arterial 
Revascularization Therapies Study II (ARTS II) has compared PCI 
using sirolimus DES with historical controls from the ARTS I trial 
[47]. The incidence of the composite primary endpoint of all‐cause 
death, any cerebrovascular event, non‐fatal myocardial infarction, 
or any repeat revascularization at 1 year in the DES group was 
similar to the CABG treatment arm of ARTS I. The rate of repeat 
revascularization was 8.5% in the DES group compared to 4.1% and 
21.3% in CABG and PCI arms, respectively, of ARTS I. The 3‐year 
results were consistent and confirmed, in patients with and with
out diabetes, the absence of significant differences in the combined 
endpoint when compared with the historical control of ARTS I 
surgical arm. While the data have inherent limitations of using his
torical controls, it had been suggested that PCI using DES might 
result in comparable outcomes to CABG, predominantly by 
decreasing repeat revascularization.

The Synergy Between PCI with TAXUS and Cardiac Surgery 
(SYNTAX) trial randomized 1800 patients with three vessel and/or 
left main disease to either CABG or PCI after a local interventional 
cardiologist and cardiac surgeon at each site prospectively evalu
ated eligible patients and determined that equivalent anatomic 
revascularization could be achieved with either strategy [44]. 
A score of anatomic complexity (SYNTAX score: www.syntaxscore.
com) was prospectively calculated. Unlike most previous trials 
where a small minority of patients who were screened were ulti
mately enrolled, almost half of the 4337 screened were randomized, 
with the majority of those excluded were unsuitable for PCI. The 
rates of death and myocardial infarction at 12 months were similar 
in the two groups. Stroke was significantly more frequent in the 
CABG group (2.2% vs. 0.6%; p = 0.003) while the incidence of stent 
thrombosis and symptomatic graft occlusion at 12 months were 
similar in the two groups (3.3 and 3.4%, respectively). An increased 
rate of repeat revascularization in the PCI group (13.5% vs. 5.9%; 
p < 0.001) led to an excess of major cardiac and cardiovascular events 
in the PCI group, with the endpoint of the trial (non‐inferiority of 
PCI using DES) not being met. Subgroup analysis based on the 
predetermined SYNTAX score showed that the negative outcome 
was confined to patients with high scores (>33, 10.9% in the surgi
cal arm vs. 23.4% in the PCI arm). The patients with left main disease 
had similar incidence of 12 month MACE in the surgical and PCI 
groups (13.7 vs. 15.8%; p = 0.44). At 5‐year follow‐up, the composite 
primary endpoint (death from any cause, stroke, MI, or repeat 
revascularization) remained significantly higher (37.3% vs. 26.9%) 
in the PCI group due primarily to the higher rates of repeat revas
cularization and myocardial infarction. The rates of all‐cause death 
and stroke were not different [48]. When analyzed by SYNTAX 
score, those with a score of <23, inclusive of left main patients, there 
was no difference in the composite primary endpoint (32.1% vs. 
28.6%; p = 0.43). In those with a SYNTAX score of 23–32 with 
unprotected left main disease, the outcomes were similar (32.7% vs. 
32.3%; p = 0.88); but not in patients with three vessel disease in 
whom PCI had higher event rates for the primary composite end
point (37.9% vs. 22.6%; p = 0.0008). For patients with a SYNTAX score 
≥33, the rates were higher in patients with left main disease (46.5% 
vs. 29.7%; p = 0.003) and those with three vessel disease without 
(41.9% vs. 24.1%; p = 0.0005) unprotected left main disease. The 
results of the SYNTAX trial indicate that CABG remains the 
standard for patients with complex three vessel disease. However, in 
patients with less complex disease (i.e., left main coronary disease 
with low or intermediate SYNTAX scores, or three vessel disease 
with low SYNTAX scores), PCI is a reasonable alternative treatment 
to CABG. In patients with a high SYNTAX score, the potential 
advantages of surgery should be stressed, but PCI should not be 
denied to patients who have a strong preference or a very high 
surgical risk. However, these conclusions must be interpreted in the 
context of the trial’s limitations, such as the use of a first generation 
(paclitaxel‐eluting) stent, which has a higher rate of restenosis than 
current second generation drug‐eluting stents. Also, the analyses of 
subgroups by SYNTAX score was not pre‐specified or adequately 
powered, and therefore the findings should be considered hypoth
esis generating.

In the Coronary Artery Revascularization in Diabetes (CARDia) 
trial, 510 diabetic patients with multivessel or complex single vessel 
coronary disease were randomized to PCI using a stent (and routine 
abciximab) or CABG. The trial was underpowered for the primary 
endpoint (composite of all‐cause mortality, myocardial infarction, 
and stroke), and at 1 year there was no difference between CABG 
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and the 69% of patients who received a DES (12.4% and 11.6%; 
p = 0.82) [45]. In the Future Revascularization Evaluation in Patients 
with Diabetes Mellitus: Optimal Management of Multivessel 
Disease (FREEDOM) trial, 1900 patients with diabetes and multives
sel (83% with three vessel) disease (median SYNTAX score of 26) 
were randomized to either PCI with a first generation (paclitaxel or 
sirolimus‐eluting) stent or CABG. Both groups received optimal 
medical therapy [46]. At a median follow‐up of 3.8 years, the primary 
composite endpoint death from any cause, non‐fatal myocardial 
infarction, or non‐fatal stroke was more frequent in the PCI group 
(26.6% vs. 18.7%; p = 0.005). The benefit of CABG was predomi
nantly because of lower rates of myocardial infarction and death 
from any cause while stroke was more frequent in the CABG group 
(2.4% vs. 5.2%; p = 0.03 at 5 years). The findings of FREEDOM 
suggest that in patients with diabetes and advanced CAD, CABG is 
superior to PCI using first generation stents.

comparison of coronary artery bypass surgery 
with medical therapy for stable angina
The European Coronary Surgery Study (ECSS), Coronary Artery 
Surgery Study (CASS), and Veterans Administration Cooperative 
Study (VA Study) are large randomized trials that have compared 
CABG with medical therapy among patients with mild to moderate 
angina [49–51]. The consistent finding from these studies was that 
surgical revascularization provides better symptomatic relief from 
angina but the benefit is lost over time, most likely because of vein 
graft failure and subsequent crossover to CABG in the medical treat
ment arm. The randomized trials and a meta‐analysis [52] indicate 
that an initial strategy of surgical revascularization does not improve 
survival in the general population of CAD, but that there are specific 
subsets that either have a large amount of ischemic myocardium or 
significant LV dysfunction. Thus, patients with three vessel disease 
(especially in those with abnormal LV function), two or three vessels 
disease with >75% stenosis of the LAD or a markedly positive stress 
test derive prognostic benefit from CABG. In general, patients with 
severe symptoms have been excluded from the trials, but an analysis 
from registry data of the CASS study indicates that surgical revas
cularization probably improves prognosis in patients with severe 
angina who have multivessel disease, even in the absence of LV func
tion or proximal LAD stenosis [53]. It is important to be aware that 
this evidence, which has been used to craft current guidelines, is 
limited by the fact that the randomized trials were all conducted in 
the early years of bypass surgery, and are not representative of the 
contemporary surgical techniques such as the routine use of internal 
mammary grafts or minimally invasive and off‐pump surgery [54]. 
Conversely, the medical group did not benefit from the aggressive 
preventive measures which are now routine nor did they consist
ently receive beta‐blockers or angiotensin‐converting enzyme 
(ACE) inhibitors. Furthermore, the general applicability of these 
trials is limited by the fact that they did not enrol many women or 
patients over 65 years old.

recommendations for revascularization 
in stable angina
Broadly speaking, revascularization is appropriate for patients with 
limiting symptoms despite optimal medical therapy, strongly posi
tive stress tests, proximal multivessel disease, and those who prefer 
an interventional approach over medical therapy. The choice 
between PCI and CABG in any one patient is determined by the 
risks of the procedure, likelihood of success, and ability to achieve 

complete revascularization with the two strategies as well as 
diabetic status and patient preference. While medical therapy is the 
cornerstone of treatment of stable angina, it is important to remem
ber that there is no evidence that medical therapy alone improves 
prognosis in high risk patients, as defined in the clinical trials of 
medical treatment vs. CABG.

Patients with significant proximal LAD artery disease have a 
survival advantage with CABG over medical therapy, even in the 
absence of severe symptoms, LV dysfunction, or other lesions. PCI 
provides similar results among patients who have suitable anatomy 
for PCI of the proximal LAD and normal LV function (Tables 11.2 
and 11.3).

CABG offers a survival advantage over medical therapy in 
patients with severe symptoms and three vessel disease, even in the 
absence of proximal LAD involvement or LV dysfunction. Patients 
with three vessel disease and LV dysfunction should have CABG. 
PCI is an alternative to CABG in those with angiographically 
suitable targets and normal LV function (e.g., SYNTAX score ≤22; 
Tables 11.2 and 11.3). Surgical revascularization is recommended 
for significant left main disease though PCI is an alternative in 
patients with SYNTAX score of ≤22, and should be considered for 
those with a SYNTAX score of 23–32 (Tables 11.2 and 11.3).

In patients with diabetes mellitus, particularly in the setting of 
multivessel or diffuse disease, there is a survival advantage with 
CABG over PCI. PCI is reasonable for diabetics with discrete two 
vessel disease (e.g., SYNTAX score ≤22) and preserved LV 
function.

For the majority of patients with stable CAD who do not fall into 
the subgroups described, there is no documented survival advan
tage with revascularization. PCI and CABG should be offered for 
the treatment of symptoms refractory to medical therapy. The 
guidelines state that both forms of revascularization are suitable 
for two vessel disease, but in current practice the majority of these 
patients and those with single vessel disease are treated with PCI 
unless the lesions are angiographically unsuitable, or involve the 
proximal LAD [55].

Revascularization in asymptomatic patients should only be 
considered with the goal of improving prognosis. The guidelines for 
the treatment of asymptomatic patients are similar to those for 
symptomatic patients. However, the level of evidence for asympto
matic patients is weaker as the clinical trials have mainly included 
symptomatic patients. However, ischemia is an important therapeutic 
target in contemporary practice over and above the treatment of 
symptoms.

Conclusions
Unlike PCI for acute coronary syndromes, percutaneous revascu
larization does not prevent death or myocardial infarction in 
patients with stable angina. There remains the possibility that PCI 
can reduce hard endpoints in high risk patients, but clinical trials in 
these patient subsets have not been conducted. For patients in low 
risk subgroups, the main advantage of PCI is the ability to effec
tively and more rapidly relieve symptoms. In general, therefore, 
PCI is indicated for the treatment of symptomatic coronary athero
sclerosis, particularly in patients who remain symptomatic limited 
despite optimal medical therapy. PCI is the preferred revasculari
zation strategy for single vessel disease, younger patients (age 
<50 years), elderly patients with significant comorbid conditions, 
and those who are not surgical candidates. There is no clear indica
tion for PCI in the treatment of asymptomatic disease.
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CABG is also highly effective in relieving symptoms, but impor
tantly it reduces mortality in high risk patients. This benefit is 
proportional to baseline risk profile of the patient. Complete revas
cularization is more likely to be achieved with CABG. Thus, CABG 
is preferred for high risk patients such as those with multivessel 
disease where complete revascularization is an important goal, 
particularly in three vessel disease, and in the presence of significant 
LV systolic dysfunction. Subgroups that should be considered for 
surgery include significant unprotected left main disease, three 
vessel disease, especially if there is impaired LV function, diffuse 
atherosclerosis, or one or more chronic total occlusion. Another 
important group of patients who may benefit with CABG are diabetics 
with three vessel disease. However, as with PCI, CABG does not 
reduce the incidence of non‐fatal myocardial infarction. PCI for 
multivessel disease, even with the use if DES, is associated with 
higher rates of repeat revascularization than CABG.

Developments in medical therapy for secondary prevention, PCI 
and CABG result in limited data being available from clinical trials 
that reflect contemporary practice, especially in high risk patients. 
With regards to PCI, the initial optimism for the current generation 
of DES has been tempered by the concerns of late stent thrombosis 
and the potential need for long‐term dual antiplatelet therapy.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Coronary angiography and percutaneous coronary intervention 
(PCI) is key for the effective management of patients presenting 
with non‐ST segment elevation acute coronary syndromes 
(NSTEACS), as reflected in both the European Society of Cardiology 
(ESC) [1] and the American Heart Association/American College 
of Cardiology (AHA/ACC) guidelines [2]. This chapter reviews risk 
stratification, patient selection for cardiac catheterization, the role 
of PCI for revascularizing these patients, and the recommended 
adjunctive pharmacologic therapy.

Risk stratification
Risk stratification is critical for selecting treatment strategy (inva
sive vs. ischemia‐driven) and timing (urgent, early, or delayed). 
High risk patients derive more benefit from more aggressive man
agement strategies. Risk stratification is based on clinical, electro
cardiographic, and laboratory findings (Box  12.1) and is often 
facilitated by use of risk scores that synthesize the impact of various 
parameters on patient outcomes (Table 12.1).

High risk manifests as myocardial injury and ischemia (e.g., 
ongoing chest pain, electrocardiographic changes, and cardiac 
 biomarker increase), decrease in left ventricular function (cardio
genic shock and heart failure symptoms), and arrhythmias (such as 
ventricular tachycardia or fibrillation). Moreover, patients with 
prior coronary artery bypass graft surgery (CABG) are at increased 
risk for complications, as are patients with recent PCI, and those 
with comorbidities, such as chronic kidney disease and diabetes.

Two risk scores that are commonly used currently for risk strati
fication of NSTEACS patients are the Global Registry of Acute 
Coronary Events (GRACE) score and the Thrombolysis in 
Myocardial Infarction (TIMI) score.

The GRACE risk score can be used in patients with both NSTEACS 
and ST‐segment elevation acute myocardial infarction. It is often 
considered more applicable to everyday clinical practice compared 
with other scores, as it was derived from a multinational registry of 
unselected patients from several hospitals around the world (Europe, 
Asia, North America, South America, Australia, and New Zealand). 
Eight parameters are used for calculating GRACE score:
1 Patient’s age
2 Heart rate
3 Systolic blood pressure

4 Killip class [3]
5 Serum creatinine level
6 Cardiac arrest at hospital admission
7 ST‐segment deviation in ECG
8 Elevated cardiac biomarkers.

The TIMI risk score for NSTEACS is simpler than the GRACE 
score and is also widely used. It can be rapidly determined as the 
sum of seven variables (age ≥65, at least 3 risk factors for coronary 
artery disease, prior coronary stenosis of 50% or more, ST‐segment 
deviation on electrocardiogram at presentation, at least two anginal 
events in the past 24 hours, use of aspirin in the prior 7 days, and 
elevated serum cardiac markers) and can predict the composite of 
all‐cause mortality, new or recurrent myocardial infarction and 
severe recurrent ischemia requiring urgent revascularization within 
14 days from presentation, as follows:
Score of 0–1 = 4.7%
Score of 2 = 8.3%
Score of 3 = 13.2%
Score of 4 = 19.9%
Score of 5 = 26.2%
Score of 6–7 = at least 40.9%.

Invasive versus ischemia‐guided approach
Patients presenting with NSTEACS can be treated with a routine 
invasive strategy or with an initial ischemia‐guided strategy. In 
 general, the higher the baseline patient risk, the higher the likelihood 
of improving outcomes with aggressive treatment strategies, including 
cardiac catheterization and revascularization.

Patients with signs and symptoms of ongoing ischemia, such as 
refractory angina and hemodynamic or electrical instability, should 
undergo urgent/immediate angiography (within 2 hours).

Among stabilized NSTEACS patients, a routine invasive manage
ment (Table  12.1) is recommended in patients who present with 
high risk features (such as dynamic electrocardiographic changes 
suggestive of ischemia, increased levels of cardiac biomarkers, or 
high risk scores) unless they have serious comorbidities or contra
indications to coronary angiography and revascularization.

Patients treated with an ischemia‐guided strategy are treated 
with medical therapy alone unless they develop refractory angina, 
have myocardial ischemia in non‐invasive evaluation, or are 
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 considered to have risk of adverse events (such as patients with high 
TIMI or GRACE risk score).

Several studies and meta‐analyses have reported that a routine 
invasive approach is superior to a conservative approach in 
NSTEACS [4,5]. A meta‐analysis of eight trials including >10,000 
patients revealed significant reduction in the risk of death, myocar
dial infarction, or rehospitalization with an acute coronary syn
drome with an invasive strategy (odds ratio 0.78, 95% confidence 
interval 0.61–0.98) [5]. The benefit was observed in both men and 
high risk women, but not in low risk women, supporting a 
 conservative approach for the latter group [5].

The optimal timing of coronary angiography for NSTEACS 
patients undergoing invasive management remains controversial 
(Table 12.2); however, immediate coronary angiography (similar 
to primary PCI for ST‐segment elevation acute myocardial 
infarction) is not warranted in NSTEACS patients, except for 
those with hemodynamic or electrical instability or medically 
refractory angina [6]. Early angiography (within 24 hours from 

presentation) provides rapid assessment of coronary anatomy 
and triage for revascularization, potentially preventing subse
quent ischemic complications and expediting discharge from the 
hospital. Delayed angiography allows for stabilization of the 
patient and potential decrease of the intracoronary thrombus 
burden through antithrombotic therapy.

Some studies have suggested that delaying angiography for 
 several days may be detrimental [7]. In the largest trial performed 
to date, the Timing of Intervention in Acute Coronary Syndromes 
(TIMACS) trial, routine early intervention (coronary angiography 
≤24 hours after randomization) did not reduce the primary study 
endpoint (death, myocardial infarction, or stroke) compared with 
delayed intervention (coronary angiography ≥36 hours after 
 randomization) in the overall study population [8]. However, early 
intervention was beneficial in the subgroup of patients with GRACE 
score >140 (13.9% vs. 21.0%; hazard ratio 0.65, 95% CI 0.48–0.89; 
p = 0.006) [8].

A delayed (25–72 hours) invasive strategy may be acceptable for 
intermediate risk patients with a GRACE score <140 who have one 
or more of the following clinical features: history of diabetes 
 mellitus, renal insufficiency (GFR <60 mL/min/1.73 m2), reduced 
systolic left ventricular function with an ejection fraction (EF) 
<40%, history of recent PCI or prior CABG. In patients at low risk 
without recurrent symptoms or signs of ongoing ischemia, a non‐
invasive assessment of inducible ischemia should be performed 
before discharge,  followed by angiography if the findings suggest 
high risk.

Coronary revascularization in NSTEACS
In NSTEACS patients with single‐vessel coronary artery disease, ad 
hoc PCI is most frequently performed. In patients with multivessel 
disease (who represent more than 50% of NSTEACS patients) the 
decision between culprit‐lesion PCI, multivessel PCI, and CABG is 
more complex. In patients with hemodynamic instability, pulmo
nary edema, recurrent ventricular arrhythmias, or total occlusion of 
the culprit coronary artery, culprit lesion PCI is usually preferred. 
In contrast, CABG is preferred in stabilized patients with complex 
multivessel disease and a high SYNTAX score. In the Acute 

Box 12.1 High‐risk criteria for patients with non‐ST segment elevation 
acute coronary syndromes (NSTEACS)

Primary criteria

• Relevant rise or fall in troponin
• Dynamic ST‐ or T‐wave changes (symptomatic or silent)
• GRACE score >140

Secondary criteria

• Diabetes mellitus
• Renal insufficiency (GFR < 60 mL/min/1.73 m2)
• Reduced left ventricular function (ejection fraction <40%)
• Early post‐infarction angina
• Recent PCI
• Prior CABG
• Intermediate to high GRACE risk score

CABG, coronary artery bypass graft surgery; GFR, glomerular filtration 
rate; GRACE, Global Registry of Acute Coronary Events; PCI, percutane-
ous coronary intervention.

Table 12.1 Comparison of three risk scores used for risk stratification in patients with non‐ST segment elevation acute coronary syndromes 
(NSTEACS).

PURSUIT TIMI GRACE

History Age
Gender
Worst CCS class in last 6 weeks

Age
≥3 CAD risk factors
Known CAD (stenosis ≥50%)
Aspirin within 7 days
Recent (<24 h) severe angina

Age
Cardiac arrest during presentation

Examination 1. SBP
2. HR
3. Rales

1. SBP
2. HR
3. Killip class

ECG ST‐segment depression ST‐segment depression >0.5 mm ST segment deviation

Laboratory tests ↑ Cardiac markers ↑ Cardiac markers
Creatinine

CAD, coronary artery disease; CCS, Canadian Cardiovascular Society; GRACE, Global Registry of Acute Coronary Events; HR, heart rate; PURSUIT, Platelet glycopro-
tein IIb/IIIa in Unstable angina: Receptor Suppression Using Integrilin; SBP, systolic blood pressure; TIMI, Thrombolysis In Myocardial Infarction.
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Catheterization and Urgent Intervention Triage Strategy (ACUITY) 
trial compared with CABG, PCI for multivessel disease was associ
ated with a lower risk of stroke, myocardial infarction, bleeding, 
and renal injury but significantly higher rates of subsequent revas
cularization at both 1 month and 1 year [9].

In a NSTEACS patient with multivessel coronary artery disease 
undergoing PCI there is no consensus about whether the culprit lesion 
only or all obstructive lesions should be treated concurrently [10]; 
both approaches are acceptable and decisions should be made on a 
case‐by‐case basis taking into account the potential risks and benefits 
of the procedure [2,11,12]. In general, complete revascularization is 
associated with improved clinical outcomes [13,14], and should be 
pursued regardless of whether revascularization is with PCI or with 
CABG. Occasionally, identification of the culprit lesion can be chal
lenging and could be facilitated by use of intravascular imaging with 

optical coherence tomography, which can identify plaque rupture and 
thrombus formation [15]. In some cases no plaque rupture can be 
found, suggesting plaque erosion, which can often be successfully 
managed with medical therapy alone without stenting [16].

PCI: adjunctive pharmacologic treatment
Adjunctive pharmacologic therapy is critical for the success of 
PCI, but is also beneficial for patients treated with a conserva
tive approach [17]. Table  12.3 summarizes the recommended 
antithrombotic therapy according to the ACC and ESC guide
lines. Both guidelines recommend anticoagulation and dual 
antiplatelet therapy with aspirin (ASA) and a P2Y12‐receptor 
antagonist (prasugrel, clopidogrel, or ticagrelor) for NSTEACS 
patients undergoing PCI.

Table 12.2 Selection of an early invasive vs. ischemia‐guided strategy in patients with non‐ST segment elevation acute coronary syndromes 
(NSTEACS).

ACC/AHA guidelines ESC guidelines

Immediate invasive (<2 h) Refractory angina Refractory angina with associated heart 
failure

Signs or symptoms of new or worsening mitral regurgitation

Hemodynamic instability Hemodynamic instability

Sustained VT or VF Life‐threatening ventricular arrhythmias

Recurrent angina or ischemia at rest or with low level 
activities despite intensive medical therapy

Early invasive (within 24 h) None of the above, but GRACE risk score >140 Grace score >140

Temporal change in troponin Relevant rise or fall in troponin

New or presumably new ST depression Dynamic ST‐ or T‐wave changes 
(symptomatic or silent)

Delayed invasive (within 
25–72 h)

None of the above but diabetes mellitus Diabetes mellitus

Renal insufficiency (GFR <60 mL/min/1.73 m2) Renal insufficiency (GFR <60 mL/
min/1.73 m2)

Reduced LV systolic function (EF <0.40) Reduced LV systolic function (EF <0.40)

Early post‐infarction angina Early post‐infarction angina

PCI within 6 months Recent PCI

Prior CABG Prior CABG

GRACE risk score 109–140;TIMI score ≥ 2 Intermediate to high GRACE risk score 
(<140)

ACC, American College of Cardiology; AHA, American Heart Association; CABG, coronary artery bypass graft; ESC, European Society of Cardiology; EF, ejection 
fraction; GFR, glomerular filtration rate; GRACE, Global Registry of Acute Coronary Events; LV, left ventricular; PCI, percutaneous coronary intervention; VF, 
ventricular fibrillation; VT, ventricular tachycardia.



Table 12.3 Summary of the guideline recommendations for antiplatelet and anticoagulant therapy among patients with non‐ST segment 
elevation acute coronary syndromes (NSTEACS).

ACC/AHA Guidelines ESC Guidelines

Antiplatelet therapy

1. Aspirin is recommended for all patients at an initial dose of 
81–325 mg (325 mg for all patients if not already on aspirin prior to PCI)
Maintenance dose: 81–325 mg (indefinitely) (class I)

1. Aspirin is recommended for all patients without contraindications at 
an initial oral loading dose of 150–300 mg (or 80–150 mg IV)
Maintenance dose of 75–100 mg/day long term, regardless of treatment 
strategy (class I)

2. A P2Y12 inhibitor is recommended in addition to ASA, and 
maintained over 12 months unless there are contraindications such as 
excessive risk of bleeding (class I). Options include:
• Prasugrel 60 mg loading dose, then 10 mg/day
• Clopidogrel 600 mg loading dose, then 75 mg/day
• Ticagrelor 180 mg loading dose, then 90 mg twice daily
Ticagrelor is preferred to clopidogrel in patients treated with an early 
invasive strategy and/or stenting (class IIA)
Prasugrel is preferred over clopidogrel in patients not at high risk of 
bleeding (class IIA), and without a history of stroke or TIA (prasugrel is 
class III in such patients)
DAPT beyond 12 months may be considered in patients undergoing stent 
implantation (class IIb)

2. A P2Y12 inhibitor is recommended in addition to ASA, and 
maintained over 12 months unless there are contraindications such as 
excessive risk of bleeds (class IA):
• Clopidogrel (300–600 mg loading dose, 75 mg/day dose), is recommended 

for patients who cannot receive ticagrelor or prasugrel or who require oral 
anticoagulation (class IB)

• Ticagrelor (180 mg loading dose, 90 mg twice daily) is recommended, 
in the absence of contraindications, for all patients at moderate-to-
high risk of ischemic events (e.g., elevated cardiac troponins), 
regardless of initial treatment strategy and including those pretreated 
with clopidogrel (which should be discontinued when ticagrelor is 
started) (class IB)

• Prasugrel (60 mg loading dose, 10 mg daily dose) is recommended in 
patients who are proceeding to PCI if no contraindication (class IB)

Pre‐treatment with prasugrel in patients in whom coronary anatomy not 
known, is not recommended (class III)

3. GP IIb/IIIa inhibitors
GP IIb/IIIa inhibitor at the time of PCI is recommended in patients with 
NSTEACS and high risk features (e.g., high troponin) not adequately 
pretreated with clopidogrel or ticagrelor (class I) or with high risk patients 
treated with UFH and adequately pretreated with clopidogrel (class IIa). 
Options include: abciximab, double‐bolus eptifibatide or high dose 
tirofiban

3.GP IIb/IIIa antagonists should be considered for bail‐out situations 
or thrombotic complications (class IIa)
Pre‐treatment with GP IIb/IIIa antagonists in patients in whom coronary 
artery anatomy is not known, is not recommended (class III)

Anticoagulation therapy

Performance of PCI with enoxaparin may be reasonable in patients treated 
with upstream subcutaneous enoxaparin for NSTEACS (class IIb)

Fondaparinux (2.5 mg s.c. daily) is recommended as having the most 
favorable efficacy– safety profile regardless of the management strategy 
(class I)

Intravenous UFH is useful in patients with NSTEACS undergoing PCI (class I)

Bivalirudin is useful as an anticoagulant with or without prior treatment 
with UFH in patients with NSTEACS undergoing PCI (class I)
• For patients who have received UFH, wait 30 min, then give 0.75 mg/kg 

IV loading dose, then 1.75 mg/kg/h IV infusion
• For patients already receiving bivalirudin infusion, give additional loading 

dose 0.5 mg/kg and increase infusion to 1.75 mg/kg/h during PCI
In patients with NSTEACS undergoing PCI who are at high risk of 
bleeding, bivalirudin monotherapy is preferred to the combination of UFH 
and a GP IIb/IIIa receptor antagonist (class IIa)

Bivalirudin (0.75 mg/kg bolus, followed by 1.75 mg/kg/h for up to 4 h 
after the procedure) is recommended as alternative to UFH plus GP IIb/
IIIa receptor inhibitor during PCI (class I)
UFH 70–100 IU/kg i.v. (50–70 IU/kg if concomitant with GPIIb/IIIa 
inhibitors) is recommended in patients undergoing PCI who did not 
receive any anticoagulant (class I)
Enoxaparin (1 mg/kg s.c. twice daily) or UFH are recommended when 
fondaparinux is not available (class I)
Enoxaparin should be considered as an anticoagulant for PCI in patients 
pretreated with s.c. enoxaparin (class IIa)

Fondaparinux: If PCI is performed while the patient is on fondaparinux, 
an additional 85 IU/kg UFH should be given intravenously immediately 
before PCI because of the risk of catheter thrombosis (60 IU/kg IV if a GP 
IIb/IIIa inhibitor used with UFH dosing based on the target‐activated 
clotting time) (class I)
Fondaparinux should not be used as the sole anticoagulant to support 
PCI in patients with NSTEACS due to an increased risk of catheter 
thrombosis (class III)

Fondaparinux should not be used as the sole anticoagulant to support 
PCI in patients with NSTEACS due to an increased risk of catheter 
thrombosis
In patients on fondaparinux (2.5 mg/day s.c.), a single bolus UFH  
(85 IU/kg, or 60 IU/kg in the case of concomitant use of GP IIb/IIIa 
receptor inhibitors) is indicated during PCI (class I)

Anticoagulation should be discontinued after invasive procedure unless 
otherwise indicated (class I)

Crossover of UFH and LMWH is not recommended (class III)
Discontinuation of anticoagulation should be considered after PCI, 
unless otherwise indicated

ASA, aspirin; DAPT; dual antiplatelet therapy; GP, glycoprotein; LMWH, low‐molecular weight heparin; PCI, percutaneous coronary intervention; IV, intravenous;  
s.c., subcutaneous; UFH, unfractionated heparin.
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Aspirin
Aspirin irreversibly inhibits the platelet cyclo‐oxygenase‐1 
(COX‐1). In view of its efficacy, low cost, and widespread availabil
ity, all NSTEACS patients should receive it, unless they have a 
 contraindication [18]. According to the AHA/ACC guidelines 
patients that are on aspirin before PCI, should take 81–325 mg non‐
enteric coated aspirin before PCI, whereas patients not on aspirin 
should be given non‐enteric coated aspirin (325 mg dose) as soon as 
possible before PCI. After PCI, aspirin should be continued at a 
dose of 81–325 mg/day indefinitely, unless contraindicated [2]. The 
ESC guidelines differ on dosing, recommending ASA for all patients 
without contraindications at an initial oral loading dose of 150–
300 mg (or 80–150 mg intravenously); after PCI patients should be 
kept on aspirin at a maintenance dose of 75–100 mg/day, regardless 
of treatment strategy [1].

P2Y12 receptor inhibitor
An oral P2Y12 inhibitor should be administered in addition to 
 aspirin to all NSTEACS patients undergoing PCI. Three oral P2Y12 
receptor Inhibitors are currently used: clopidogrel, prasugrel, and 
ticagrelor (ticlopidine is seldom used currently because of potential 
for serious hematologic side effects).

In the Clopidogrel in Unstable Angina to Prevent Recurrent 
Events (CURE) trial, NSTEACS patients were randomized to 
clopidogrel or placebo. During a mean follow‐up of 9 months, 
clopidogrel reduced the incidence of the cardiovascular death, 
MI, or stroke by 20% (9.3% vs. 11.4%; p < 0.001) [19]. In the 
Clopidogrel and Aspirin Optimal Dose Usage to Reduce 
Recurrent Events − Seventh Organization to Assess Strategies in 
Ischemic Syndromes (CURRENT–OASIS 7) trial, compared 
with standard dose clopidogrel (300‐mg loading dose and 75 mg/
day thereafter) double dose clopidogrel (600 mg loading dose on 
the first day, followed by 150 mg/day for 6 days and 75 mg/day 
thereafter) did not reduce the 30‐day incidence of cardiovascu
lar death, MI, or stroke (4.2% vs. 4.4%; p = 0.30), although it did 
reduce the risk of stent thrombosis among patients who under
went PCI [20].

Clopidogrel is a pro‐drug that requires multistep activation and 
its efficacy is markedly affected by genetic factors, such as CYP 
2C19 polymorphisms. In contrast, prasugrel and ticagrelor are 
more potent platelet inhibitors with consistent metabolism [21,22].

In the Trial to Assess Improvement in Therapeutic Outcomes by 
Optimizing Platelet Inhibition with Prasugrel–Thrombolysis in 
Myocardial Infarction 38 (TRITON–TIMI 38) 13,608 patients (74% 
of whom had NSTEACS) were randomized to prasugrel or clopi
dogrel (300 mg loading dose) [21]. Prasugrel was given after 
 coronary angiography once the decision for PCI was made. During 
a median follow‐up of 14.5 months, compared with clopidogrel 
prasugrel reduced the incidence of cardiovascular death, MI, or 
stroke (9.9% vs. 12.1%; p <0.001), and the risk for stent thrombosis 
(of both bare metal and drug‐eluting stents) [23], but also increased 
the risk for TIMI major and fatal bleeding [21]. Prasugrel was 
harmful in patients with prior transient ischemic attack or stroke 
and did not provide clinical benefit among patients ≥75 years old or 
with <60 kg body weight [21]. In the Comparison of Prasugrel at the 
Time of Percutaneous Coronary Intervention (PCI) or as 
Pretreatment at the Time of Diagnosis in Patients with Non‐ST 
Elevation Myocardial Infarction (ACCOAST) trial, pretreatment 
with prasugrel did not decrease ischemic complications when com
pared with administration at the time of PCI and was associated 
with higher risk for major bleeding [24]. In the Targeted Platelet 

Inhibition to Clarify the Optimal Strategy to Medically Manage 
Acute Coronary Syndromes (TRILOGY ACS) study, prasugrel 
administration was not beneficial among NSTEACS patients 
treated with medical therapy without PCI [25].

The Study of Platelet Inhibition and Patient Outcomes (PLATO), 
randomized 18,624 patients (62% of whom had NSTEACS) to tica
grelor or clopidogrel [22,26]. Compared with clopidogrel, ticagrelor 
reduced the 12‐month incidence of vascular death, MI, or stroke 
(9.8% vs. 11.7%; p < 0.001) and also reduced all‐cause mortality 
(4.5% vs. 5.9%; p < 0.001). However, ticagrelor‐treated patients had 
higher rate of non CABG‐related major bleeding, dyspnea, and ven
tricular pauses lasting ≥3 s (but not requiring specific treatment). 
North American patients did not derive benefit from ticagrelor 
administration, likely because of co‐administration of ≥100 mg/day 
aspirin [27].

Based on the benefits observed with prasugrel and ticagrelor in 
the above studies, the AHA/ACC guidelines favor them over clopi
dogrel (class IIa indication) [2]. The ESC guidelines go even further 
in recommending prasugrel and ticagrelor over clopidogrel, stating 
that clopidogrel should be used when prasugrel or ticagrelor are 
not available or are contraindicated in patients who cannot receive 
ticagrelor or prasugrel or who require oral anticoagulation (class I 
indication) [1].

The optimal duration of dual antiplatelet therapy after PCI 
for  NSTEACS remains controversial. The currently guideline‐
recommended duration is 12 months unless there are contraindi
cations or an excessive risk of bleeding [1,2]. Some studies have 
suggested that shorter duration of P2Y12 inhibitor administra
tion could be equivalent or superior to longer duration [28]. 
However, the largest study performed to date, the Dual 
Antiplatelet Therapy (DAPT) study, reported that compared with 
12 months, 30 months of dual antiplatelet therapy were associ
ated with lower risk of stent thrombosis (0.4% vs. 1.4%; hazard 
ratio 0.29, 95% confidence interval 0.17–0.48; p < 0.001), and 
myocardial infarction (2.1% vs. 4.1%; hazard ratio 0.47; p < 0.001), 
at the cost of increased risk for moderate to severe bleeding (2.5% 
vs. 1.6%, p = 0.001), and a nominal increase in all‐cause mortality 
(2.0% vs. 1.5%; p = 0.05), although cardiac mortality was similar 
in both groups [29].

Glycoprotein IIb/IIIa inhibitors
Much of the evidence that supports use of glycoprotein (GP) IIb/
IIIa inhibitors (abciximab, eptifibatide, or tirofiban) in NSTEACS 
patients was obtained in the era before the routine use of dual anti
platelet therapy. In a meta‐analysis by Boersma et al. [30], GP IIa/
IIIa inhibitors were only beneficial in patients with elevated 
 troponin and in those who underwent revascularization within 
30 days.

In the Early Glycoprotein IIb/IIIa Inhibition in Non‐ST‐Segment 
Elevation Acute Coronary Syndrome (EARLY‐ACS) trial, routine 
upstream administration of eptifibatide did not benefit NSTEACS 
patients, except patients at the highest risk for ischemic complica
tions (such as those with troponin elevation, ST deviation, diabetes, 
recurrent ischemia) and low risk for bleeding (age <75 years) [31]. 
In patients pre‐treated with P2Y12 inhibitors, outcomes have been 
favorable with use of bivalirudin alone vs. UFH and GPI [9], lead
ing to a significant reduction in GPI use in contemporary practice.

In summary, GP IIb/IIIa are infrequently used as pretreatment in 
NSTEACS patients who receive dual antiplatelet therapy and have 
intermediate/high risk features (class IIb indication in the AHA/
ACC guidelines). They are indicated at the time of PCI in high‐risk 
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patients undergoing PCI, whether they have been pretreated with a 
P2Y12 inhibitor (class IIa indication if unfractionated heparin is 
used as anticoagulant) or not (class I indication) [2].

Anticoagulation
Anticoagulation is recommended for all NSTEACS patients 
undergoing PCI to reduce the risk of intracoronary and catheter 
thrombus formation. The type of anticoagulation is selected 
according to ischemic and bleeding risks as well as the efficacy–
safety profile of the chosen agent for each patient individually. 
Parenteral anticoagulants used in patients with NSTEACS under
going PCI include unfractionated heparin (UFH), low molecular 
weight heparin (LMWH, usully enoxaparin), bivalirudin, and 
fondaparinux.

Unfractionated heparin has been used for many years for PCI. 
It  has low cost; however, response to unfractionated heparin is 
variable, requiring measurement of its antithrombotic effect. In 
the largest study of enoxaparin in NSTEACS, the Superior Yield of 
the New Strategy of Enoxaparin, Revascularization and 
Glycoprotein IIb/IIIa Inhibitors (SYNERGY) trial, 10,027 high‐
risk NSTEACS patients treated with an early invasive strategy 
were randomized to enoxaparin or UFH [32]. Enoxaparin‐treated 
patients had similar incidence of death or MI compared with 
those treated with UFH, but higher incidence of major bleeding 
[32]. As a result enoxaparin is infrequently used during PCI for 
NSTEACS.

Bivalirudin is a direct thrombin inhibitor [9,33–35]. In the 
ACUITY trial, bivalirudin monotherapy was associated with a non‐
inferior rate of the composite ischemia endpoint (death, MI, or 
unplanned revascularization) (7.8% and 7.3%, respectively; 
p = 0.32) and significantly reduced the rates of major bleeding 
(3.0% vs. 5.7%; p < 0.001) as compared with bivalirudin + GP IIb/
IIIa inhibitor and UFH + GP IIb/IIIa inhibitor [9,35]. However, 
among patients not pretreated with clopidogrel before PCI, the inci
dence of ischemic events was higher in the bivalirudin group (9.1% 
vs. 7.1%, RR 1.29; p = 0.054 for interaction) [9].

Fondaparinux is a factor Xa inhibitor. In the Fifth Organization 
to Assess Strategies in Acute Ischemic Syndromes (OASIS 5) 
trial, patients receiving fondaparinux had lower 30‐day mortality 
compared with those receiving enoxaparin (2.9% vs. 3.5%, HR 
0.83, 95% CI 0.71–0.97; p = 0.02), likely related to the lower risk 
for major bleeding (2.2% vs. 4.1% at 9 days; p < 0.001) [36]. 
Patients undergoing PCI on fondaparinux had a threefold higher 
rate of guide catheter thrombus (0.9% vs. 0.3%), hence UFH 
(85 IU/kg without or 60 IU/kg with a GP IIb/IIIa inhibitor) 
should be administered to patients on fondaparinux who 
require PCI [37].

The European and American guideline recommendations 
for  anticoagulation in NSTEACS patients are summarized in 
Table 12.3 [1,2].

Conclusion
In summary, NSTEACS are commonly encountered in daily clinical 
practice. Risk stratification is key for determining optimal treat
ment strategies, with higher risk patients deriving more benefit 
from more aggressive strategies. An early invasive approach is pre
ferred for most high risk patients. Clinical outcomes can be 
improved by optimal selection of anticoagulation and antiplatelet 
treatments.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology.
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Acute myocardial infarction results when abrupt thrombotic occlu-
sion of a major epicardial coronary occurs. Following extensive 
pathologic investigation, it is now quite clear that the underlying 
etiologic mechanism involves acute disruption of an atherosclerotic 
plaque generally previously moderate in severity. The resultant 
exposure of circulating blood to underlying plaque material results 
in platelet aggregation, thrombin generation, and thrombosis [1]. 
The severity of injury, often detected on the ECG as ST‐segment 
elevation, indicates extensive and transmural myocardial ischemia 
owing to such abrupt termination of blood flow and lack of prior 
adaptation. A large region of myocardium undoubtedly suffers 
necrosis if not immediately addressed. Soon after the appreciation 
of thrombus and aggregated platelets at the occlusion site, substan-
tial advances in care were made with the rapid administration of 
fibrinolytics, antiplatelets, and antithrombins aimed at re‐establishing 
vessel patency. Collectively regarded as reperfusion therapy, these 
agents were studied extensively, in combination and with high effi-
ciency, and resulted in improved survival [2–10]. Along with these 
reperfusion studies conducted in the late 1980s and throughout the 
1990s, coronary angiography was employed to assess the efficacy of 
therapy and the following observations were made.
1 Reperfusion therapy, even with the most potent agents, did not 

always result in restoring optimal vessel patency.
2 Vessel patency and coronary myocardial blood flow were highly 

important determinants of survival.
3 Time to treatment was a powerful determinant of effectiveness.
4 The emerging technique of percutaneous transluminal coronary 

balloon angioplasty could be used effectively to establish blood 
flow either as the primary treatment or as salvage after unsuc-
cessful medical reperfusion therapy [11].

Primary PCI
Initial experience and comparisons with thrombolytic 
therapy
The very early experience led by Hartzler and others indicated 
that percutaneous coronary intervention (PCI) was not only feasible 
in acute myocardial infarction, but the recanalization rate was 
very high, typically exceeding 90% [12]. However, others expressed 

 caution, reporting high complication rates including major bleeding 
and recurrent infarction, particularly when performed shortly after 
thrombolytic therapy [13]. Several trials were subsequently 
 conducted comparing thrombolytic therapy with primary PCI span-
ning over 10 years and ultimately summarized in a meta‐analysis by 
Keeley et al. [14]. Comprising 7739 patients, short‐term mortality 
was reduced from 9% to 7%. Even when patients with cardiogenic 
shock were excluded, mortality was still reduced from 7% to 5%, 
with benefits sustained at longer term follow‐up. Recurrent myocar-
dial infarction was reduced from 6.8% to 2.5% and stroke reduced 
from 2% to 1% (Figure 13.1). In these initial trials primary PCI was 
delivered efficiently and at institutions with experience in the proce-
dure, so there were concerns if this could be duplicated in real‐world 
practice. Nonetheless, the results were widely embraced as angiogra-
phy and intervention was safer and more predictable than fibrono-
lytic therapy. Efficacy was also confirmed in subsequent large 
non‐randomized registries. In the Swedish Heart Intensive Care 
Admissions Registry [15], 16,034 patients receiving reperfusion with 
fibrinolytic therapy were compared with 7084 receiving primary 
PCI. Mortality at 1 year was reduced from 15.6% to 7.6% in favor of 
primary PCI. Given the limited number of hospitals capable of PCI 
and the resources required, it was initially unclear if this therapy 
could become the dominant strategy in reperfusion therapy. Over 
the past 15 years, however, access to primary PCI has risen substan-
tially and it is now the treatment of choice in 80% of cases of acute 
myocardial infarction [16,17]. A number of small trials have com-
pared thrombolytic therapy with primary PCI in patients presenting 
to non‐PCI‐capable hospitals where an  efficient transfer could be 
accomplished. In a meta‐analysis, these studies similarly confirmed 
the superiority of primary PCI in reducing ischemic outcomes [18]. 
The benefits of primary PCI have been noted despite a treatment‐
related delay of 60–120 minutes, and in subgroups such as the 
elderly, those with cardiogenic shock, and late presentation, where 
fibrinolytic therapy was much less effective.

Current delivery standards
The benefits of reperfusion therapy via primary angioplasty is 
 similarly time dependent [19–21]. In the first few hours there is 
 significant opportunity for myocardial salvage with demonstrable 
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reductions in infarct size and the greatest reductions in mortality. 
These benefits decline with time although outcomes with reperfu-
sion remain better for 24 hours as long as there is evidence of ongoing 
ischemia. When compared with fibrinolytic therapy, primary PCI is 
more efficacious in patients presenting later in the course of myo-
cardial infarction. PCI establishes better vessel patency, coronary 
blood flow, and tissue reperfusion, all determinants of improved 
outcomes [22]. The infarct‐related vessel is also revascularized by 
stent implantation nowadays, almost eliminating the risk of recur-
rent ischemia and infarction [23]. However, primary PCI is associ-
ated with an inherent delay because of the logistics of performing 
PCI versus the ease of administering thrombolytics. PCI must be 
accomplished expeditiously as delay in delivery of this therapy is 
associated with increased mortality. The best results are seen 
when a door‐2‐reperfusion time of <90 minutes is achieved. 
Figure  13.2 shows the current American College of Cardiology 
Foundation guidelines for effective delivery of primary PCI. When 
arriving at a primary PCI‐capable facility, a door‐2‐reperfusion 
time of <90 minutes is the treatment goal. When arriving at a non‐
primary PCI facility, a rapid transfer program should be in place 
such that total initial contact to reperfusion time does not exceed 
120 minutes. Otherwise thrombolytic therapy should be first 
offered, if appropriate, followed by transfer for possible salvage PCI. 
The maximum PCI‐related delay has been deduced from large reg-
istries of acute myocardial infarction and it is generally accepted 
that a delay of >120 minutes abolishes the advantage of primary PCI 
[24]. Nonetheless, in subgroups where thrombolytics perform 
poorly such as delayed presentation, advanced age, and cardiogenic 
shock, primary PCI remains preferable [22]. Substantial gains have 
been made in recent years at reducing door‐2‐reperfusion time in 
primary PCI through education and hospital system‐wide efforts 
[25,26]. Unfortunately, further reductions in overall mortality have 
not been realized despite reductions to well below 90 minutes in 
recent years. Changes in demographics and patient risk could 
account for some of this attrition [27,28].

Technical approach and enhancements
The infarct‐related vessel is occluded in most patients at the time of 
initial angiography. In others, a high grade stenosis is present with 
varying degrees of flow beyond the occlusion [22]. Thrombus 

accounts for most of the obstruction present and it is often easily 
traversed with a standard guidewire, although figuring the course 
of the occluded vessel can be difficult without experience. The 
obstruction is also easily dilatable given the contents are thrombus 
and soft plaque. Once dilatation has been performed, normal flow 
(TIMI 3) is often restored. Repeated angioplasty or stent implanta-
tion can then be performed to achieve definitive revascularization. 
In a few patients, angioplasty and even stent implantation does not 
establish normal flow. This is typically because of severe myocardial 
damage, tissue edema, or embolization of thrombotic debris to the 
distal microvasculature. In the most severe cases, referred to as  no‐
reflow, there is no flow from the vessel into the myocardial tissue. 
Reperfusion in such cases is unsuccessful and the prognosis is 
poorer [29]. Most of the challenge that occurs in primary PCI is 
related to clinical and hemodynamic stability. For example, ven-
tricular fibrillation is an ongoing risk given active severe ischemia, 
and acute heart failure and pulmonary edema can develop sud-
denly. Profound left ventricular failure and bradyarrythmias can 
also result in severe hypotension, shock, and cardiac arrest. The 
patient’s clinical distress can also complicate the delicate measures 
required for vascular access and safe PCI, and the use of potent anti-
coagulants increases acute bleeding risk. The procedure must there-
fore be accomplished expeditiously to terminate ongoing ischemia 
but attention to safety and rapid management of ischemic compli-
cations cannot be understated.

The technique has evolved in much the same way as PCI for 
 coronary disease. Optimal balloon angioplasty was the initial method 
of revascularization and often carried the risks of abrupt vessel clo-
sure and restenosis. Stent implantation was introduced to overcome 
these limitations and proved successful. In the Controlled Abciximab 
and Device Investigation to Lower Late Angioplasty Complication 
(CADILLAC) trial, stent implantation was associated with reduced 
risk of abrupt vessel closure, and restenosis as well as repeat revascu-
larization at longer term follow‐up were significantly reduced [30].

Drug‐eluting stents These were introduced to further reduce reste-
nosis in PCI and although there were initial concerns about 
increased risk of stent thrombosis, several trials have shown effi-
cacy and safety in primary PCI. The Harmonizing Outcomes with 
Revascularization and Stents in AMI (HORIZONS) trial randomly 
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assigned 3006 patients undergoing primary PCI to receive a pacli-
taxel‐eluting stent or a bare metal stent in 3 : 1 ratio. Ischemia‐
driven target lesion revascularization was reduced from 7.5% to 
4.5% with no increase in stent thrombosis [31]. In a meta‐analysis 
comparing first generation drug‐eluting stents with bare metal 
stents, target vessel revascularization was significantly reduced and 
there was no increase in stent thrombosis [32]. Newer generation 
drug‐eluting stents have further improved outcomes [33,34]. In the 
Clinical Evaluation of the Xience‐V Stent in Acute Myocardial 
Infarction (EXAMINATION) trial comparing current generation 
everolimus‐eluting stents with bare metal stents, both restenosis 
and stent thrombosis were reduced. Current generation drug‐
eluting stents are now preferred in primary PCI for better short- and 
longer term outcomes provided that the recommendations of dual 
antiplatelet therapy are feasible.

Thrombectomy The infarct vessel in primary PCI by definition 
contains thrombus; occasionally thrombus is extensive and compli-
cates revascularization by causing distal embolization and micro-
vascular occlusions. This results in failure to establish normal 
coronary blood flow or tissue perfusion. Both of these events have 
been repeatedly shown to be associated with worse outcomes 
including higher mortality. Thrombus burden within the coronary 
artery can be reduced by aspiration thrombectomy, accomplished 

either by manual aspiration through a catheter or aided by a 
mechanical device. The technique can be applied expeditiously 
during primary PCI and in most trials applying thrombectomy, 
coronary perfusion is improved as measured by either ST‐segment 
resolution, thrombolysis in myocardial infarction 3 (TIMI 3) flow 
achieved or myocardial blush score. Early data were very persuasive 
and the technique was widely used [35]. In two recently completed 
definitive large trials, however, the efficacy and safety of aspiration 
thrombectomy has been seriously questioned [36,37]. In the 
Thrombus Aspiration during ST‐segment Elevation myocardial 
infarction (TASTE) trial, 7244 patients were randomized to receive 
either manual aspiration along with primary PCI or to standard 
 primary PCI. There was no difference in primary endpoint of mor-
tality at 30 days, and no difference in mortality or other major 
adverse cardiac events at 1 year. In the TOTAL trial, 10,732 patients 
were similarly randomized to adjunct manual aspiration or routine 
primary PCI. The primary endpoint of cardiovascular death, recur-
rent myocardial infarction, cardiogenic shock, or severe heart fail-
ure at 6 months was no different in the two groups. Moreover, a 
pre‐specified safety endpoint of stroke at 30 days was increased in 
the aspiration group. Routine aspiration thrombectomy in primary 
PCI therefore can no longer be recommended based on these trials, 
although in special instances for severe persistent angiographic 
thrombus, aspiration can help enhance vessel patency.
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candidate for reperfusion

Initially seen at a
PCI-capable

hospital

Initially seen at a
non–PCI-capable

hospital*

Transfer for
primary PCI

FMC-device
time as soon as

possible and
≤120 min

(Class I, LOE: B)

Administer �brinolytic
agent within 30 min 

of arrival when
anticipated FMC-
device >120 min 

(Class I, LOE: B)

DIDO time ≤30 min

Send to cath lab
for primary PCI

FMC-device time
≤90 min

(Class I, LOE: A)

Diagnostic angiogram

CABGMedical
therapy only

PCI

Urgent transfer for
PCI for patients

 with evidence of
failed reperfusion

or reocclusion

(Class IIa, LOE: B)

*Patients with cardiogenic shock or severe heart failure initially seen at a non–PCI-capable hospital should be transferred for cardiac catheterization and
revascularization as soon as possible, irrespective of time delay from MI onset (Class I, LOE: B). †Angiography and revascularization should not be performed
within the �rst 2 to 3 hours after administration of �brinolytic therapy.

Transfer for
angiography and
revascularization
within 3-24 h for
other patients as

part of an
invasive strategy†

(Class IIa, LOE: B)
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Radial access An advance in angiography and PCI came with the 
use of the radial artery rather than the femoral artery for vascular 
access. This technique—now embraced by a substantial number of 
operators—is associated with reductions in major bleeding and 
other vascular complications. On the hand, the procedure is techni-
cally more challenging and ultimately unsuccessful in 5–10% of 
cases. A number of trials have evaluated radial versus femoral artery 
access in managing patients with acute coronary syndromes includ-
ing primary PCI for STEMI. In the Radial Vs Femoral Access for 
Coronary Intervention (RIVAL) trial, 7021 patients with acute 
 coronary syndromes were randomized to undergo angiography and 
PCI via the radial versus the femoral artery. Ischemic outcomes 
were comparable between the two groups; however, vascular com-
plications were reduced from 3.8% to 1.4% in the radial arm. In a 
pre‐specified subgroup of 1958 with STEMI, ischemic outcomes, 
driven by mortality, were unexpectedly reduced from 5.2% to 3.1% 
[38]. In the RIFLE‐STEACS, 1001 patients undergoing primary PCI 
were similarly randomized to radial or femoral access. Outcomes 
with radial access were significantly better, driven by reductions in 
major bleeding and cardiac mortality [39]. In these as well as other 
trials, reperfusion time was not compromised with the radial 
approach. In a meta‐analysis involving more than 5000 patients, 
mortality was reduced from 4.7% to 2.7% and major bleeding from 
2.9% to 1.4% [40].

In summary, radial access in primary PCI is an attractive tech-
nique when it can be performed without compromising reperfusion 
times. Major vascular complications and bleeding can be reduced 
and there are now strong suggestions of reduced mortality. However, 
confirmation in more definitive trials is needed.

Mechanical support Cardiogenic shock complicates 5–7% of acute 
myocardial infarction and is primarily the result of left ventricular 
failure caused by extensive infarction or multivessel coronary 
 disease [41,42]. Prompt revascularization is considered the most 
effective intervention [43] and is highly recommended; however, in 
many patients shock persists and results in progressive circulatory 
failure and multi‐organ failure with a high mortality rate. Rapid 
support using intra‐aortic balloon pump (IABP) counter pulsation 
was long thought to be highly effective by augmenting coronary 
perfusion and reducing systemic afterload. The IABP Shock II trial 
was designed to study the effectiveness of this intervention [44]. 
Six  hundred patients with myocardial infarction complicated by 
cardiogenic shock were randomized to receive IABP support after 
successful primary PCI or to receive routine post‐intervention care. 
The primary outcome of 30‐day all‐cause mortality was no different 
in both groups and at 1 year follow‐up, there remained no differ-
ences in mortality or other major adverse cardiac events. It remains 
unclear at this point if there is a benefit of mechanical support for 
shock in STEMI following successful primary PCI. It is possible that 
a greater level of support beyond what is capable with IABP is 
needed and investigation is currently underway to test whether 
more robust support as provided with the Impella® left ventricular 
assist will be effective [45].

Multivessel intervention: Multivessel coronary disease is fre-
quently noted in primary PCI and associated with a worse progno-
sis [46]. To date, however, guidelines have advocated focus of the 
infarct (culprit) vessel with additional intervention reserved for a 
later date or driven by ischemia,[47,48]. Part of the rationale behind 
this is to avoid inducing ischemia or complication in other vessel 
territories at the time of acute myocardial infarction. Randomized 

trials to address this issue had been lacking until recently. In the 
Preventive Angioplasty in Myocardial Infarction (PRAMI) trial, 
465 patients with multivessel disease, having undergone successful 
primary PCI, were randomized to undergo additional revasculari-
zation of non‐culprit severe stenoses or to undergo standard care 
with additional intervention driven by refractory angina. Patients 
assigned to additional revascularization experienced significantly 
lower major adverse events of cardiac death, recurrent myocardial 
infarction, or refractory ischemia [49]. In the Complete versus 
Lesion‐only Primary PCI (CvLPRIT) trial, 296 patients were simi-
larly randomized and patients undergoing complete revasculariza-
tion demonstrated reductions in major adverse cardiac events 
including cardiac death, myocardial infarction, heart failure, and 
ischemia‐driven revascularization at 12 months [50]. These data, 
though preliminary, suggest more complete revascularization 
appears safe and beneficial in patients undergoing primary PCI. 
Larger, more definitive, randomized trials are needed to confirm 
these findings.

Salvage and rescue PCI
Despite the remarkable availability of primary PCI in many com-
munities, this therapy cannot be delivered to all in an efficient man-
ner with target goals described. Many patients therefore continue to 
receive thrombolytic therapy as their primary reperfusion strategy 
and outcomes are generally very good. Several studies have evolved 
to define how patients should be managed after thrombolytic 
 therapy, whether successful or not. When thrombolytic therapy is 
considered unsuccessful, as characterized by persistent or recurrent 
angina and/or ST elevation, it is generally agreed that rapid PCI is 
effective at providing successful reperfusion [51]. The Rapid Early 
Action for Coronary Treatment (REACT) study showed that com-
pared with conservative care salvage primary PCI resulted in 
improved major cardiovascular events for 6 months [52]. Such 
 salvage/rescue PCI can be expected in 15–25% of patient receiving 
thrombolytics and so a mechanism to transfer to a PCI center 
should be in place.

Beyond rescue PCI, there appear to be benefits of ultimately 
 performing urgent PCI in most patients who have received success-
ful reperfusion with thrombolytics. Thrombolytics simply restore 
coronary blood flow in the infarct vessel. A high grade stenosis 
remains with a disrupted plaque and is a source for recurrent 
thrombosis or persistent ischemia. Such recurrent ischemia can be 
seen in up to 25% of patients and is associated with increased 
 mortality. Several trials tested the hypothesis that routine early 
angiography and intervention would be superior to strategy of inva-
sive management guided by recurrent or inducible ischemia. In the 
largest trial, the Trial of Routine Angioplasty and Stenting after 
Fribrinolysis to Enhance Reperfusion in Acute Myocardial 
Infarction (TRANSFER‐AMI) randomized 1059 patients and 
found that routine PCI performed a median of 4 hours after suc-
cessful fibrinolysis was associated with reductions in major adverse 
cardiac events [53]. In a meta‐analysis of similar trials with routine 
PCI performed within the first 24 hours, reductions in death and 
myocardial infarction were demonstrated at 1 year follow‐up [54].

When primary PCI cannot be delivered rapidly as in a 90‐min-
ute reperfusion time, a strategy of thrombolytic therapy with sub-
sequent transfer for routine PCI appears to be a reasonable 
alternative. This is especially relevant when a patient first arrives at 
a hospital not capable of performing primary PCI and rapid trans-
fer would be difficult. Rapid transfer is logistically difficult for 
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many centers as delays eliminate the advantage of PCI over throm-
bolytics [55,56]. The Strategic Reperfusion Early after Myocardial 
Infarction (STREAM) trial randomized 1832 patients who could 
not receive primary PCI within expected guidelines to undergo 
pre‐hospital fibrinolytics followed by salvage/routine PCI versus a 
strategy to proceed directly to primary PCI. Direct primary PCI 
was performed at a median of 178 minutes and >30% of the pre‐
hospital fibrinolytic therapy group required rescue PCI. Both arms 
ultimately had highly successful reperfusion and vessel patency. 
There was no difference in the primary endpoint of major adverse 
cardiac events; however, stroke was more common with the 
fibrinolytic arm [57].

Pharmacologic support before and during 
primary PCI
Pharmacologic therapy in primary PCI has evolved along with 
advances in supportive therapy for PCI in general, designed to 
enhance coronary patency, tissue level perfusion, and procedural 
safety. Numerous investigations of antiplatelets and antithrombins 
have been conducted since the initial procedural efficacy was 
shown utilizing standard intravenous heparin and oral aspirin.

Intra‐procedural therapy investigations
To enhance thrombus management as was demonstrated with 
fibrinolytic therapy and in medical therapy for acute coronary 
 syndromes, glycoprotein (GP) IIb/IIIa inhibitors were added to 
heparin in a series of primary PCI trials. The largest, the CADILLAC 
trial [58], randomized over 2000 patients to abciximab or placebo 
and found reductions in acute thrombotic complications including 
recurrent myocardial infarction. A meta‐analysis of trials using 
abciximab showed clear reductions in recurrent myocardial infarc-
tion and trends toward lower mortality [59] but major bleeding 
was increased. Small molecule GP IIb/IIIa inhibitors, specifically 
high dose tirofiban and double bolus eptifibatide, were similarly 
investigated primarily in comparison with abciximab in multiple 
trials [60–62]. These generally showed comparable outcomes, par-
ticularly when viewed in aggregate, but no advantage in bleeding 
complications [63]. GP IIb/IIIa inhibitors are therefore a reasonable 
supportive therapy during primary PCI although they have been 
associated with an increase in major bleeding complications.

Bivalirudin, a potent and specific thrombin inhibitor, was intro-
duced as an alternative to intravenous heparin in PCI and subse-
quently compared with strategies involving intravenous heparin 
with routine and then selective use of GP IIb/IIIa inhibitors. The 
largest trial to date was the HORIZONS trial, which randomly 
assigned 3602 patients to receive bivalirudin or heparin with a GP 
IIb/IIIa inhibitor [64]. Overall, major adverse cardiac events were 
not different, but major bleeding complication was reduced leading 
to a superior net clinical outcome. The EUROMAX trial rand-
omized 2218 patients scheduled for primary PCI to receive bivalir-
udin or heparin with optional GP IIb/IIIa inhibitor [65]. Outcomes 
were similarly improved with the primary benefit coming from 
reduced bleeding complications. In both trials, an increase in acute 
stent thrombosis was noted but this did not affect long‐term out-
comes. In HEAT PPCI, 1829 patients were randomized to bivaliru-
din versus heparin and GP IIb/IIIa inhibitors used selectively in 
each group [66]. In this trial, adverse cardiovascular events includ-
ing stent thrombosis were higher with bivalirudin and there was no 
bleeding advantage. Finally, in the recently published BRIGHT trial 
involving 2194 patients, bivalirudin utilizing a longer infusion 

strategy was compared with a heparin alone and heparin plus GP 
IIb/IIIa infusion regimen [67]. There were no differences in acute 
ischemic outcomes; however, bleeding was lowest with the bivaliru-
din alone therapy. In summary, bivalirudin can be used as alterna-
tive to heparin or heparin with a GP IIb/IIIa inhibitor in primary 
PCI. Lower bleeding complications can be expected but there is a 
small risk of acute thrombotic events which can be mitigated by 
longer anticoagulant therapy. In a recent trial, Stone et al. [67] dem-
onstrated a reduction in infarct size with intracoronary delivery of 
abciximab on a background of bivalirudin therapy in patients with 
large anterior myocardial infarction. GP IIb/IIIa inhibitors should 
therefore remain a consideration in selected patients even when on 
a background of bivalirudin.

Pre‐procedural therapy investigations
To enhance early vessel patency, several drugs have been proposed 
to improve primary PCI efficacy, a strategy referred to as facilitated 
primary PCI. Among these, fibrinolytics and antiplatelets have 
received the most rigorous study. Early evaluations of this strategy 
were fraught with adverse outcomes and in a meta‐analysis of these 
early trials Keeley and Grimes [68] found significantly higher 
bleeding and ischemic complications with no ischemic advantage. 
These studies were conducted before significant improvements in 
PCI technique including the use of thienopyridine oral antiplatelets 
and coronary stents. More contemporary evaluations began with 
the Facilitated Intervention with Enhanced Reperfusion Speed to 
Stop Events (FINESSE) trial where 2452 patients were randomly 
assigned to facilitated PCI using either abciximab or combined 
abciximab and retaplase, initiated before primary PCI, or to stand-
ard primary PCI with abciximab initiated during the procedure 
[69]. Facilitated PCI was associated with higher early ST‐segment 
elevation resolution and higher baseline TIMI 3 flow rate but PCI 
was ultimately equally successful in both groups. There was no 
 difference in major cardiovascular endpoints that included death, 
late ventricular fibrillation, cardiogenic shock, or heart failure. 
Major bleeding was increased with facilitated PCI. Similarly, in the 
Ongoing Tirofiban in Myocardial Infarction Evaluation 2 (ON‐
TIME 2) trial, tirofiban was randomly administered pre‐hospitali-
zation in a facilitated fashion among 936 patients undergoing 
primary PCI [70]. ST‐segment resolution was improved as well as 
early stent thrombosis but overall clinical outcomes were compara-
ble. The oral antiplatelet ticagrelor was similarly investigated as a 
facilitating therapy in the Administration of Ticagrelor in the 
Ambulance or in the Catheterization laboratory (ATLANTIC) trial 
[71]. A total of 1862 patients were randomly assigned to receive 
ticagrelor initiated in the ambulance well before primary PCI or to 
standard primary PCI with ticagrelor initiated in the catheteriza-
tion laboratory. In this study, unlike FINESSE and ON‐TIME 2, 
there was no improvement in ST‐segment elevation resolution. 
There was also no difference in major clinical outcomes, although 
acute stent thrombosis—which occurred rarely—was further 
reduced with early ticagrelor.

Post‐procedural therapy investigations
Recurrent thrombotic event rates are higher in patients following 
STEMI and contribute to late mortality and recurrent myocardial 
infarction. These may be the result of recurrent thrombosis of the 
infarct‐related vessel, including stent thrombosis, or new plaque 
disruption and acute coronary syndrome elsewhere. As platelets 
have an important role in atherothrombosis, long‐term oral anti-
platelets have been extensively investigated. The CLARITY TIMI‐28 
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trial first suggested the effectiveness of oral P2Y12 antagonists after 
myocardial infarction in patients who received thrombolytics along 
with aspirin [72]. In this trial, clopidogrel initiated soon after 
thrombolytics enhanced vessel patency at angiography days later 
and resulted in reduced risk for recurrent myocardial infarction at 
30 days. In the Clopidogrel and Metoprolol in Myocardial Infarction 
Trial (COMMIT) trial, clopidogrel when added early to a large 
unselected population of patients with acute myocardial infarction 
resulted in reduced risk of overall death at as early as 4 weeks [73]. 
The CURRENT OASIS‐7 trial investigated whether a short course 
of double dose clopidogrel soon after acute coronary syndrome 
would improve outcomes [74]. Among patients undergoing PCI, 
the higher dosing regimen resulted in reduced risk of recurrent 
myocardial infarction and stent thrombosis at 30 days. In this trial, 
over 6000 patients had STEMI and benefits were consistent in this 
group. The TRITON TIMI‐38 trial tested the more potent oral 
thienopyridine prasugrel in patients with acute coronary syndrome 
including over 3500 patients with STEMI [75]. Prasugrel therapy 
was associated with significantly lower major adverse cardiac 
events, particularly recurrent myocardial infarction and stent 
thrombosis, over the 15‐month period of study. The PLATO trial 
studied ticagrelor, a non‐thienopyridine P2Y12 inhibitor high risk 
patients with acute coronary syndromes. The rate of cardiovascular 
death and recurrent myocardial infarction was reduced, as was stent 
thrombosis. There were also over 7000 patients enrolled with 
STEMI and outcomes were comparable [76].

In summary, dual oral antiplatelet therapies improve outcomes in 
acute myocardial infarction managed with PCI. More potent agents 
appear to further reduce the risk of recurrent thrombotic events 
including recurrent myocardial infarction and stent thrombosis 
compared with standard dose clopidogrel. These agents should 
therefore be initiated as early as feasible and continued long term as 
suggested by guidelines.

Myocardial conditioning
The prospect of protecting the myocardium from irreversible dam-
age during acute myocardial infarction has long been considered 
the holy grail in this line of therapy. To date only early reperfusion 
therapy has been proven to terminate and minimize extent of 
injury. Nonetheless, several investigations have explored pathways 
such as reducing cardiac mechanical work, enhancing ischemic 
adaptation, enhancing tissue level perfusion, delivering supplemen-
tal oxygen, manipulating metabolism, and reducing free radical 
damage. In the CRISP‐AMI trial, the use of IABP counter‐pulsation 
aimed at reducing cardiac work did not reduce infarct size among 
337 patients with anterior myocardial infarction [77]. The IABP 
SHOCK II trial also found no benefit of this therapy in patients 
with cardiogenic shock following successful primary PCI. Remote 
ischemic preconditioning to enhance ischemic adaptation has been 
applied successfully in transplantation organ harvest and mini-
mizes injury during cardiac surgery. Botker et al. [78] tested inter-
mittent forearm ischemia using blood pressure inflation in 333 
patients with acute ST‐elevation myocardial infarction (STEMI). 
A reduction in infarct size was noted; however, given the limited 
study size, a larger clinical is needed. Vasodilatation of the micro-
vasculature during acute ischemic injury was proposed to be 
 protective and initially appeared promising with adenosine. 
However, the Acute Myocardial Infarction Study of Adenosine‐II 
(AMISTAD‐II) trial tested this hypothesis in 2118 patients and 
found no significant improvement in infarct size or clinical 

 outcomes [79]. In the AMIHOT trials, the effect of supersaturated 
oxygen therapy was tested in patients with acute myocardial infarc-
tion [80,81]. A reduction in infarct size was noted in patients with 
anterior myocardial infarction treated. However, given the small 
sample size, a larger trial powered for clinical endpoints is needed. 
To minimize energy consumption by switching from fatty acid 
metabolism to glucose metabolism, the CREATE‐ECLA trial evalu-
ated the effect of a glucose insulin potassium infusion in 20,201 
patients with acute STEMI [82]. Despite prior positive preliminary 
data, there was no effect on mortality or other major adverse events 
including cardiogenic shock, cardiac arrest, or reinfarction. To 
combat inflammation and cell death via the complement pathway, 
the APEX‐AMI investigators tested the monoclonal antibody 
 pexelizumab in over 5700 patients with acute myocardial infarction 
undergoing primary PCI [83]. There was no effect on mortality or 
endpoints such as cardiogenic shock at 30 or 90 days.

In summary, the ability to limit myocardial damage from 
 prolonged ischemia in acute myocardial infarction has remained 
unproven. While more investigation is needed, the most effective 
intervention to date remains early recognition of STEMI and rapid 
mechanical reperfusion via primary PCI.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology.
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Even in the current era of primary percutaneous coronary inter-
vention (PCI), cardiogenic shock remains a dramatic and lethal 
condition. The incidence of cardiogenic shock after myocardial 
infarction (MI) appears to be lowering from about 10% in the 1970s 
and 1980s to about 5–6% currently, potentially as a result of 
improvement in time‐to‐reperfusion and as a result of better tech-
niques for reperfusion (primary PCI compared with thrombolysis) 
[1–5]. However, mortality after MI remains very high with recent 
studies reporting mortality rates of 40–65% [5,6]. This chapter 
reviews evidence on medical and mechanical management of car-
diogenic shock.

Definition of shock
Shock is defined as a clinical condition where there is inadequate 
end‐organ perfusion caused by failure of the heart to pump blood in 
adequate quantities. There is currently no uniform definition of 
cardiogenic shock in clinical practice or for research purposes. 
A  couple of influential randomized clinical trials use definitions 
that are similar, but not identical.

In the SHOCK (should we emergently revascularize occluded 
coronaries for cardiogenic shock) trial, cardiogenic shock was 
defined by a combination of clinical and hemodynamic criteria 
[7,8]. Clinical criteria in SHOCK were hypotension (a systolic 
blood pressure of <90 mmHg for at least 30 minutes or the need for 
supportive measures to maintain a systolic blood pressure of 
≥90 mmHg) and end‐organ hypoperfusion (cool extremities or a 
urine output of <30 mL/hour, and a heart rate of ≥60 bpm). The 
hemodynamic criteria were a cardiac index of no more than 2.2 L/
minute/m2 of body‐surface area and a pulmonary capillary wedge 
pressure of at least 15 mmHg [7,8].

In the IABP‐SHOCK II (intra‐aortic balloon pump in cardio-
genic shock) trial, the following definition was used:
1 A systolic blood pressure of less than 90 mmHg for more than 

30 minutes or needing infusion of catecholamines to maintain a 
 systolic pressure above 90 mmHg;

2 Clinical signs of pulmonary congestion; and
3 Impaired end‐organ perfusion.
The diagnosis of impaired end‐organ perfusion required at least 
one of the following: altered mental status; cold, clammy skin and 

extremities; oliguria with urine output of less than 30 mL/hour; or 
serum lactate level higher than 2.0 mmol/L [9].

Epidemiology
Cardiogenic shock after MI occurs in about 5–6% of cases in the 
current era of primary PCI, and occurred in about 10% of cases in 
the era before rapid mechanical reperfusion [1–5]. The incidence of 
cardiogenic shock may have declined, but mortality after cardio-
genic shock remains very high, even in contemporary cohorts, with 
mortality rates of 40–60% [10,11].

An early study of 845 patients presenting with acute MI, not 
treated with thrombolysis or mechanical reperfusion, investigated 
risk factors for the occurrence of cardiogenic shock [1]. In this 
study, cardiogenic shock occurred in 60 patients (7.1%). Predictors 
of cardiogenic shock included age >65 years, left ventricular ejection 
fraction at hospital admission <35%, large infarct size (peak creatine 
kinase‐MB isoenzyme >160 IU/L), diabetes mellitus, and previous 
MI. Risk factors in the GUSTO (Global Utilization of Streptokinase 
and Tissue‐plasminogen activator for Occluded  coronary arteries) 
trial, conducted in the era of thrombolysis, included: age, systolic 
blood pressure, heart rate, and Killip class upon presentation [12].

In the large (n = 5745) APEX‐AMI (assessment of pexelizumab in 
acute MI) trial, the incidence of shock was only 3.4% (n = 196), most 
likely because this randomized controlled trial enrolled a relatively 
low‐risk patient population [11]. In APEX‐AMI the following risk 
 factors for developing cardiogenic shock were identified: older age, 
female sex, hypertension, diabetes mellitus, and being a non‐smoker.

Management of cardiogenic shock
Impact of coronary revascularization
Since the shock trial, early revascularization has been recognized as 
the primary treatment modality for cardiogenic shock. Current 
American College of Cardiology/American Heart Association 
(ACC/AHA) guidelines state a class I, level of evidence B indication 
for emergency revascularization with either PCI or coronary artery 
bypass graft (CABG) in suitable patients with cardiogenic shock 
from pump failure after ST‐elevation myocardial infarction 
(STEMI) irrespective of the time delay from MI onset [13].
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The landmark SHOCK trial randomized 302 patients with 
 cardiogenic shock complicating MI in a 1 : 1 fashion to treatment 
with emergency revascularization (n = 152) or initial medical 
 stabilization (n = 150). Revascularization incorporated emergency 
coronary angiography followed by either CABG or PCI. In the 
SHOCK trial, 30‐day mortality rates were numerically lower in the 
early revascularization arm (46.7% vs. 56.0%; p = 0.11). However, at 
6 months mortality rates were significantly lower with early revas-
cularization (50.3% vs. 63.1%; p = 0.027) [7]. Furthermore, emer-
gency revascularization was not only associated with improved 
survival, but also with improved quality of life, assessed by the 
 multidimensional index of life quality and New York Heart 
Association (NYHA) heart failure class [14].

An important substudy investigated the clinical outcome in 
patients assigned to emergency revascularization in the SHOCK 
trial undergoing PCI compared with CABG [15]. Out of 128 
patients undergoing emergency revascularization, 81 underwent 
PCI (63.3%) and 47 underwent CABG (36.7%). Patients undergo-
ing CABG were at higher risk at baseline with a greater extent of 
coronary artery disease and a greater prevalence of diabetes 
 mellitus. In the CABG group, 87.2% of patients were considered 
completely revascularized whereas only 23.1% of patients in the 
PCI group were considered completely revascularized. Despite the 
higher baseline risk profile of patients undergoing CABG, 1‐year 
survival was similar in both treatment arms, suggesting a potential 
benefit of complete revascularization. Partly because of this sub-
study, current guidelines recommend complete revascularization 
during PCI for cardiogenic shock, as compared with culprit‐vessel 
only PCI for MI without cardiogenic shock [13,16].

Left‐ventricular assist devices and the intra‐aortic 
balloon pump
Mechanical support devices aim to overcome the inability of the 
heart to pump adequate amounts of blood by supporting the circu-
lation and increasing cardiac output. Moreover, support devices 
aim to unload the damaged left ventricle by afterload (pressure 
unloading) or pre‐load reduction (volume unloading). Currently 
available devices include the intra‐aortic balloon pump (IABP), the 
Impella axial flow pump, the TandemHeart device, and extra‐ 
corporeal membrane oxygenation (ECMO) [17]. An overview of 
various characteristics of these devices is provided in Table 14.1.

IABP The IABP was introduced 1968. It is inserted percutaneously 
in the femoral artery and positioned in the descending thoracic 
aorta distal to the left subclavian artery and proximal to the renal 
artery branches. The IABP aims to augment coronary blood flow 
and systemic blood flow during diastole. The balloon is synchro-
nized to the cardiac cycle and is rapidly inflated with helium gas 
during diastole and rapidly deflated immediately before systole. In 
a small study that randomized 40 patients in cardiogenic shock to 
optimal medical therapy alone or to optimal medical therapy and 
an IABP, no significant differences were observed in hemodynamic 
parameters such as cardiac output and systemic vascular resistance 
between the groups [18]. The IABP SHOCK II trial randomized 
600 patients with cardiogenic shock complicating MI to treatment 
with an IABP or no IABP. Early revascularization and optimal med-
ical therapy was provided in both study arms. The use of the IABP 
did not reduce 30‐day or 1‐year mortality [6,10]. Moreover, there 
were no differences in time to hemodynamic stabilization, the 
length of intensive care unit stay, serum lactate levels, dose and 
duration of catecholamine administration, or renal function [6].

Impella The Impella consists of a pigtail catheter at the tip function-
ing as the inlet for blood which is positioned in the left ventricle and 
uses a micro‐axial rotary pump which is placed across the  aortic 
valve to continuously expel blood into the aorta. There are three ver-
sions of the impella system: the Impella 2.5 which delivers up to 
2.5 L/min of flow; the Impella CP delivering up to 3.5–4.0 L/min of 
flow which are both inserted percutaneously; and the Impella 5.0 
which delivers up to 5.0 L/min but requires a surgical cutdown for 
insertion [17]. Currently available evidence on the use of the Impella 
device in cardiogenic shock is limited to observational studies and a 
small randomized trial [19–21]. In the ISAR‐SHOCK (efficacy study 
of LV assist device to treat patients with cardiogenic shock) trial, 26 
patients with cardiogenic shock were randomized to IABP or Impella 
[19]. In this small study the cardiac index after 30 minutes of support 
was significantly higher in the Impella group compared with the 
IABP group (delta 0.49 ± 0.46 L/min/m2 vs. 0.11 ± 0.31 L/min/m2; 
p = 0.02). Overall 30‐day mortality was similar in both groups.

TandemHeart The TandemHeart uses a continuous flow centrifu-
gal pump which can deliver up to 4 L/min of blood flow. It can be 
inserted using fluoroscopy guidance in the catheterization labora-
tory. The inflow cannula is inserted through the femoral vein and 
guided to the left atrium via an atrial septal puncture. The outflow 
cannula is inserted through the femoral artery and positioned at the 
level of the aortic bifurcation. In two small randomized clinical  trials 
enrolling about 40 patients each, the TandemHeart was associated 
with significant improvements in hemodynamic parameters when 
compared with the IABP [22,23]. However, without direct left ven-
tricular unloading the TandemHeart increases left ventricular after-
load which partially offsets the potential cardiac workload benefits. 
Other concerns with the TandemHeart are the complications (bleed-
ing and limb ischemia) and the complex insertion procedure.

ECMO Venoarterial ECMO consists of a centrifugal pump, a heat 
exchanger, and a membrane oxygenator. Venous blood is aspirated 
from the right atrium via the femoral vein, it is then guided to a 
pump which directs it to a membrane oxygenator, and is then 
guided via the outflow cannula into the descending aorta via the 
femoral artery. As this is quite a complex machine, it is associated 
with complications such as systemic inflammatory response, renal 
failure limb ischemia, and bleeding. Moreover, it increases both the 
afterload and the pre‐load of the left ventricle resulting in increased 
 oxygen demand which impedes myocardial protection [24].

Guideline recommendations for the IABP and left ventricular assist 
devices The 2014 European Society of Cardiology and the 
European Association for Cardio‐Thoracic Surgery (ESC/EACTS) 
guidelines for myocardial revascularization no longer recommend 
the use of IABP in patients with cardiogenic shock (class III recom-
mendation, level of eveidence A) [16]. These guidelines state a class 
IIb, level of evidence C recommendation for the use of left ventricu-
lar assist devices “short‐term mechanical circulatory support in 
ACS patients with cardiogenic shock may be considered.” The 2013 
ACC/AHA guidelines state a class IIa level of evidence B recom-
mendation for the use of the IABP. “The use of intra‐aortic balloon 
pump (IABP) counterpulsation can be useful for patients with 
 cardiogenic shock after STEMI who do not quickly stabilize with 
pharmacological therapy” [13]. The ACC/AHA recommendation 
for left ventricular assist devices is class IIb, level of evidence C 
“Alternative LV assist devices for circulatory support may be 
 considered in patients with refractory cardiogenic shock.”
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Vasopressors and inotropes
Rapid treatment of hypoperfusion and hypotension is essential 
when dealing with cardiogenic shock. Inotropes can be used to 
increase cardiac output and vasopressors to increase blood pres-
sure. However, inotropes and vasopressors increase myocardial 
oxygen consumption and current guidelines suggest their use 
should be assessed on an individual patient basis [13]. 
Sympathomimetic agents are most commonly used in the setting of 
cardiogenic shock, but phosphodiesterase inhibitors and calcium 
sensitizers are also sometimes used.

Sympathomimetic agents Norephinephrine has a high affinity for 
the alpha‐adrenergic receptor and has minor beta‐agonistic effects. 
Therefore, norepinephrine is a potent vasopressor with limited ino-
tropic effects. Dopamine has a variety of effects deponding on the 
dosage. At low doses (1–2 μg/kg/min) it increases urine output by 
augmenting renal blood flow and natriuresis [25,26]. At intermedi-
ate doses (5–10 μg/kg/min) dopamine stimulates beta‐1 adrenergic 
receptors, allowing for an increased stroke volume and an increased 
heart rate, increasing cardiac output. At high doses (>10 μg/kg/min) 
dopamine predominantly stimulates alpha‐adrenergic receptors, 
causing vasoconstriction. A randomized study of 1679 patients 
with shock (septic, hypovolemic, and cardiogenic) assigned to 
dopamine or norepinephrine as the first line vasopressor showed 
more arrhythmic events in the dopamine group (24.1% vs. 12.4%; 
p <0.001). A subgroup analysis of patients with cardiogenic shock 
showed that dopamine was associated with increased 28‐day 
 mortality compared with norepinephrine [27]. An alternative is 
dobutamine, which is a synthethic catecholamine with strong 
beta‐1 and beta‐2 receptor affinity. The beta‐2 affinity of dobu-
tamine may cause vasodilatation and can cause hypotension.

Phosphodiesterase inhibitors and calcium sensitizers Agents such 
as milrinone and enoximone increase the intracellular concentra-
tion of cyclic adenosine monophosphate (cAMP) by inhibiting the 
action of phosphodiesterase 3 [28]. Phosphodiesterase 3 is an 
enzyme found in the sarcoplasmic reticulum of cardiac myocytes 
and vascular smooth muscle cells that breaks down cAMP into 
AMP. The increased intracellular concentration of cAMP causes 
increased myocardial contractility, improved diastolic relaxation, 
and vasodilatation. Milrinone, the most widely used phophodies-
terase inhibitor, has a relatively long half‐life of 2–4 hours. The 
 calcium‐sensitizer levosimendan sensitizes troponin C to calcium, 
thereby increasing the effects of calcium on cardiac myofilaments 
which increases cardiac contractility at low energy costs. 
Levosimendan also causes vasodilatation by opening ATP‐dependent 
potassium channels [29,30]. Neither milrinone nor levosimendan 
have been tested in the setting of cardiogenic shock complicating 
MI and so experience with these agents in this setting is limited.

Conclusions
In conclusion, the incidence of cardiogenic shock is declining, but 
its clinical impact remains as significant as ever. Vasopressors and 
inotropes can be used to improve blood pressure and cardiac out-
put, but they cause an increase in systemic vascular resistance and 
in pulmonary capillary wedge pressure and increase cardiac 
work and cardiac oxygen consumption. Therefore, the use of left 
 ventricular assist devices is a promising treatment modality 
that  is  currently being investigated in larger randomized 
controlled trials.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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The presence of unprotected left main coronary artery (ULMCA) 
disease is a common finding in patients undergoing coronary 
angiography, typically observed in approximately 5–7% [1] and 
generally associated with concurrent triple vessel disease. Such 
patients receiving only medical therapy have increased mortality 
rates; indeed, data from the Coronary Artery Surgery Study (CASS) 
shows only 57% of those treated medically survive 5 years [2]. 
This is likely because the ULMCA subtends a large area [3] and 
significant disease can lead to left ventricular dysfunction and 
arrhythmias.

Until relatively recently the conventional form of treatment for 
the stenosed ULMCA has been coronary artery bypass grafting 
(CABG). The introduction of drug‐eluting stents (DES) resulted in 
a significant reduction in restenosis and target lesion revasculariza-
tion (TLR) following percutaneous coronary intervention (PCI) 
[4–18]. Due to such advances in coronary stent technology, in 
addition to antiplatelet pharmacology and adjunctive imaging 
techniques, the option of PCI has become more widely accepted. 
This has resulted in a change in the guidelines for myocardial revas-
cularization, reducing the indication for CABG in this complex 
disease subset from Class I (level of evidence A) to Class I (level of 
evidence B) [19]. Indeed, the results of a number of clinical trials 
are awaited with anticipation, which may lead to further changes in 
the guidelines for ULMCA intervention in the future. This chapter 
discusses the available evidence for ULMCA PCI and practical 
issues that the operator encounters.

Current evidence for ULMCA 
revascularization
Numerous non‐randomized, observational registries have demon-
strated no significant differences between CABG and PCI in 
patients with ULMCA lesions with regards to major adverse cardio-
vascular and cerebrovascular events (MACCE), up to 5 years’ 
follow‐up (Table 15.1) [8,20–35].

Randomized trial data comparing PCI with CABG for the 
treatment of the ULMCA are shown in Table 15.2. The landmark 
Synergy between Percutaneous Coronary Intervention with TAXUS 
and Cardiac Surgery (SYNTAX) study was the first major rand-
omized trial comparing CABG versus PCI with DES. The study 

included a pre‐specified subgroup of patients with ULMCA (PCI 
n = 357; CABG n = 348). At 12 months in this group, there was 
non‐inferiority in MACCE (PCI 15.8% vs. CABG 13.7%; p = 0.44), 
although there were higher rates of repeat revascularization 
amongst those undergoing PCI (PCI 11.8% vs. CABG 6.5%; 
p = 0.02). Conversely, in the CABG group there were significantly 
higher rates of cerebrovascular events (PCI 0.3% vs. CABG 2.7%; 
p = 0.01) [36].

The results of this study have now been published at 5 years’ 
follow‐up, confirming no differences in MACCE overall (PCI 
36.9% vs. CABG 31.0%; p = 0.12) [37]. However, although the 
results were similar between those patients with low (0–22; 30.4% 
vs. 31.5%; p = 0.74) and intermediate (23–32; 32.7% vs. 32.3%; 
p = 0.88) SYNTAX scores, in the high SYNTAX score group, CABG 
did appear to be a superior treatment option (≥33; 46.5% in PCI vs. 
29.7% in CABG; p = 0.003) [38]. It must be taken into account that 
these observations must be considered hypothesis‐generating only, 
as non‐inferiority was not achieved in the overall trial. Nonetheless, 
the results are encouraging for ULMCA PCI in those with low 
anatomic risk (<33 SYNTAX score). Of note, the SYNTAX study 
utilized first‐generation DES which have consequently been 
shown to be inferior to the contemporary new generation DES in 
the incidence of repeat revascularization and, very importantly, 
stent thrombosis (ST).

There is growing evidence for the use of the new generation DES 
for ULMCA disease, with a number of registry studies reporting 
encouraging results. The Unprotected Left Main Stenting with a 
Second Generation Drug‐Eluting Stent: One Year Outcomes of the 
LEft Main Xience V (LEMAX) Pilot Study was the first to publish 
the results assessing outcomes of 173 patients undergoing ULMCA 
PCI with the Xience V (Abbott Vascular, Santa Clara, CA, USA) 
everolimus‐eluting stent (EES) [39]. Despite a relatively high risk 
group (mean SYNTAX score was 25.2 ± 9.5% and 81.0% of lesions 
affecting the distal bifurcation), the overall MACCE at 1 year was 
15.1%, with all‐cause mortality only being 2.9%. The occurrence of 
TLR and target vessel revascularization (TVR) were low overall 
(2.9% and 7.0%, respectively) and, moreover, the rate of probable or 
definite ST was low at only 0.6%. This study once more demon-
strated higher MACCE in those with a high SYNTAX score (≥33) 
(25.0% vs. 12.0%, respectively; p = 0.05).
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There are a number of new generation DES, which have been 
demonstrated to have comparable outcomes in the treatment of the 
ULMCA. A total of 650 patients were randomized in the Drug Eluting 
Stent for Left Main Stem Disease (ISAR LEFT MAIN) 2 to EES versus 
zotarolimus‐eluting stents (ZES), with a primary endpoint of death, 
myocardial infarction (MI), and TLR at 1 year. There were no differ-
ences between groups (ZES 17.5% vs. EES 14.3%; relative risk [RR] 
1.26; 95% confidence interval [CI] 0.85–1.85; p = 0.25) or in the risk of 
ST (0.9% vs. 0.6%; p > 0.99) [40]. The currently available data are 
promising for the use of new generation DES for ULMCA PCI and the 
results of long‐term follow‐up are eagerly awaited.

There are a number of ongoing multicenter trials comparing new 
generation DES with CABG, such as the Premier of Randomized 
Comparison of Bypass Surgery versus Angioplasty Using Sirolimus‐
Eluting Stent in Patients with Left Main Coronary Artery Disease 2 
(PRECOMBAT 2) which aims to evaluate the outcomes of 401 
patients undergoing ULMCA PCI with EES with historical controls 
from the PRECOMBAT trial (randomized PCI with the first 
generation sirolimus‐eluting stents [SES] versus CABG). The 
results of the landmark trial Evaluation of Xience Prime versus 
Coronary Artery Bypass Surgery for Effectiveness of Left Main 
Revascularization trial (EXCEL) are also expected. In this study, 
2634 patients with ULMCA and a SYNTAX score ≤32 have been 
randomized to either CABG or EES (Xience Prime, Abbott Vascular, 

Redwood City, CA, USA). The primary endpoint is the composite 
incidence of death, MI, or cerebrovascular events at a median 
follow‐up duration of 3 years.

Current guidelines for ULMCA 
revascularization
As a result of the growing amount of positive data for the use of PCI 
in this high risk patient subset, current European practice guide-
lines have now accepted the role of ULMCA PCI [19]. Indeed, 
although CABG is a Class I indication (now level of evidence B), 
PCI in those patients with a SYNTAX score of ≤22 now has an 
equivalent Class I (level of evidence B) indication. Those patients 
with an intermediate SYNTAX score (22–32) have a Class IIa (level 
of evidence B) indication; however, CABG is still advocated in 
those with a SYNTAX score of ≥32. With regards to the American 
Heart Association/American College of Cardiology/Society for 
Cardiovascular and Angiographic Interventions (AHA/ACC/
SCAI) guidelines, PCI has a Class IIa (level of evidence B) in those 
with favorable anatomy for PCI (SYNTAX ≤22) and clinical condi-
tions that present a greater risk of adverse events with CABG. In 
certain scenarios (e.g., in patients presenting with acute coronary 
syndromes and ST‐elevation MI), ULMCA PCI is a Class IIa (level 
of evidence B) indication [41].

table 15.1 Observational registry studies comparing coronary artery bypass grafting versus percutaneous coronary intervention 
in the treatment of the unprotected left main coronary artery.

Study Year Patients (n) Follow‐up (months) Cardiac death (%) MACCe (%)

Palmerini et al. [21] 2006  311 12 NA NA

Lee et al. [8] 2006  173 12 1.6 vs. 2.0 25.0 vs. 17.0

Sanmartin et al. [27] 2007  335 12 NA 11.4 vs. 10.4

Chieffo et al. [32] 2010  249 60 11.9 vs. 7.5 38.3 vs. 32.4

Park et al. [33] 2010 2240 60 9.9* NA

MACCE, major adverse cardiovascular and cerebrovacular event; NA, not available.
*Cumulative for overall.

table 15.2 Randomized controlled trials comparing coronary artery bypass grafting versus percutaneous coronary interven-
tion in the treatment of the unprotected left main coronary artery. The table demonstrates results at 12 months.

Le Mans [23] SYntAX Left Main [70] Boudriot et al. [71] PReCoMBAt [72]

Year 2008 2009 2010 2011

Patients (n) 105 705 201 600

Age (years) 61 65 68 62

SYNTAX Score 25 30 24 25

Death (%) 7.5 vs. 1.9; p = 0.37 4.4 vs. 4.2; p = 0.88 5.0 vs. 2.0; p < 0.001 2.7 vs. 2.0; p = 0.45

MACCE (%) 24.5 vs. 28.8; p = 0.29 13.7 vs. 15.8; p = 0.44 13.9 vs. 19.0; p = 0.19 6.7 vs. 8.7; p = 0.12

Le Mans, Study of Unprotected Left Main Stenting Versus Bypass Surgery; MACCE, major cardiovascular or cerebrovascular event; 
PRECOMBAT, Premier of Randomized Comparison of Bypass Surgery versus Angioplasty Using Sirolimus Eluting Stent in Patients with Left 
Main Coronary Artery Disease; SYNTAX, Synergy between Percutaneous Coronary Intervention with TAXUS and Cardiac Surgery.
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Multidisciplinary assessment 
and the use of risk scores
Each individual with ULMCA disease differs, both with regards to 
their clinical condition and comorbidities as well as their coronary 
anatomy. As such, it is advisable that every patient is discussed by 
the “heart team” to determine the most appropriate revasculari-
zation strategy to produce the best long‐term outcomes for the 
patient. Indeed, assessment by the heart team in complex patholo-
gies now has a Class I (level of evidence C) indication in recent 
guidelines [19].

A number of scoring systems have been devised to help with risk 
stratification prior to undergoing intervention. The traditional 
scores used by cardiothoracic surgeons are the Society of Thoracic 
Surgeons (STS) score and the Logistic European System for Cardiac 
Operative Risk Evaluation (EuroSCORE). Newer scores have 
been devised and validated by the interventional cardiologists 
and include the SYNTAX score, a prospective angiographic tool 
that grades the anatomic complexity of coronary artery disease (an 
online calculator can be found at www.syntaxscore.com). The use 
of the STS score and SYNTAX score are commented upon in both 
the European and in the AHA/ACC/SCAI guidelines as reasonable 
to calculate in patients with ULMCA disease [19,41].

More recently, other scoring systems have been developed which 
do not rely solely on anatomic factors, but also take into account 
other clinical issues relevant to the patient. Potentially, this leads to 
an improved means of risk stratification for the individual patient. 
The SYNTAX Score II considers coronary anatomy in addition to 
the factors assessed in the more traditional surgical scoring  systems, 
which were associated with mortality at 4 years in the SYNTAX 
study (including age, creatinine clearance, left ventricular ejection 
fraction, peripheral vascular disease, female sex, and chronic 
obstructive pulmonary disease) [42]. A further risk model is the 
Global Risk Classification (GRC), which combines the SYNTAX 
score with the EuroSCORE [43] and has been demonstrated in 
patients undergoing ULMCA PCI to be a superior predictor of 
cardiac mortality. The New Risk Stratification Score (NERS) has 
been shown to more reliably predict major adverse cardiac events 
(MACE) than the SYNTAX score in high risk patients requiring 
ULMCA PCI [44]. Regardless, it is essential that each individual 
patient undergoes a thorough assessment of clinical and anatomic 
factors to enable effectual risk stratification and allow guidance in 
treatment strategy decision making.

Imaging and lesion assessment
The identification of the ULMCA generally arises following conven-
tional diagnostic coronary angiography. This common tool allows 
basic assessment of the severity of disease, disease location (includ-
ing involvement of the distal bifurcation), and lesion length. 
However, there is a large variability in intra‐ and inter‐observer of the 
ULMCA [45,46] due to the short length of the vessel, with the 
absence of a normal segment for comparison. In addition, because 
of positive remodeling it can be difficult to form an accurate assess-
ment and hence the use of adjunctive imaging modalities can have 
a crucial role prior to consideration of ULMCA revascularization.

Tools such as intravascular ultrasound (IVUS) and optical coher-
ence tomography (OCT) allow more accurate assessment of the 
morphology of the disease and the significance in often complex 
coronary angiograms. The size of the vessel and the length of the 
lesion can be accurately determined by IVUS, to enable precise 
stent sizing in patients undergoing PCI. Furthermore, IVUS is vital 

to guarantee adequate stent expansion and apposition following 
stent implantation, to potentially reduce the risk of events such as 
ST. The use of IVUS guidance over angiography guidance alone has 
been shown to reduce 3‐year mortality in a subgroup analysis of 
patients treated with DES from the MAIN‐COMPARE registry 
(IVUS 4.7% vs. no IVUS 16.0%; p = 0.049) [47]. A more recent 
patient level pooled analysis of four registry studies demonstrated 
the use of IVUS to be associated with less cardiac death, MI, and 
TLR at 3 years (IVUS 11.3% vs. no IVUS 16.4%; p = 0.04) and a lower 
incidence of definite and probable ST (0.6% vs. 2.2%; p = 0.04) [48].

More recently, the use of OCT has come to the fore in the assess-
ment and treatment of complex patient subsets undergoing PCI and 
due to the 10‐fold higher axial resolution compared with IVUS, it has 
been demonstrated to be more sensitive in detecting malapposition 
and edge dissections in the assessment of the ULMCA [49]. This 
modality may gain an increasing role in the future in determining 
factors that may predispose an individual to ST (e.g., delayed or 
incomplete stent endothelialization or stent malapposition).

As an alternative to an anatomic assessment, it is possible to 
obtain an invasive functional assessment of the significance of an 
ULMCA “angiographically” intermediate lesion with the use of 
fractional flow reserve (FFR). A reading following achievement of 
maximal hyperemia of ≤0.75 is known to be an indicator of signifi-
cant stenosis. Indeed, in patients with an equivocal ULMCA steno-
sis on coronary angiography, a strategy of revascularization based 
on the FFR measurement was associated with excellent survival and 
freedom from events at up to 3 years’ follow‐up [50]. Another study 
of 213 patients with angiographically equivocal ULMCA lesions 
underwent FFR assessment and were referred for CABG if FFR 
<0.80 (surgical group) or remained on medical management or 
underwent PCI to another target if FFR to ULMCA was ≥0.80 
(non‐surgical group). At 5 years, there was no difference in survival 
(surgical group 85.4% vs. non‐surgical group 89.8%; p = 0.48) [51]. 
These data support the notion that we should consider revasculari-
zation when ULMCA disease is functionally significant and not 
driven by the angiographic appearance alone.

Interventional approach
The ULMCA is as unique as each coronary artery and is made up of 
three diverse segments: the ostium, the main shaft, and the distal 
bifurcation. The bifurcation is more likely to form atherosclerotic 
plaque from shear stresses and subsequent flow disturbances, with 
the carina typically free of disease [52]. However, when the distal 
bifurcation is involved, this not only adds to the technical difficul-
ties for the operator, but also leads to less favorable clinical outcomes 
and increased need for repeat revascularization than disease affect-
ing only the ostium or the mid shaft [10,12]. Indeed, a large registry 
study comparing outcomes following ostial or shaft versus distal 
bifurcation disease in 1612 patients demonstrated the latter to have 
a higher MACE (propensity‐score adjusted HR 1.48, 95% CI 
1.16–1.89; p = 0.001), at a median follow‐up period of 1250 (inter-
quartile range 987–1564) days. This again was largely because of the 
higher rate of TLR in this group [53]. Moreover, a recent study has 
shown that a true bifurcation lesion is a significant predictor of 
restenosis (23.0% vs 14.0%; p = 0.008) [54].

Clinical outcomes when treating the ostium of the ULMCA 
alone are favorable with either revascularization strategy and a 
registry study has demonstrated comparable outcomes [55]. In this 
lesion subset, a number of studies have shown low event rates 
following PCI [5–7,55,56] and such a procedure is less technically 
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challenging. Figure  15.1 illustrates a successful case of PCI to an 
ostial lesion.

Ideally, DES should be utilized in all ULMCA PCI, unless there 
are strong reasons not to use such a stent. A multicenter study of 
147 patients undergoing PCI with DES ULMCA disease not involv-
ing the bifurcation, demonstrated a TLR rate of 0.7%, cardiac death 
rate of 2.7%, and MACE rate of 7.4% at long‐term clinical follow‐up 
(886 ± 308 days) [10]. The ULMCA ostium is typically large in 
diameter and, ideally, the stent should protrude back into the aorta 
by 1–2 mm and avoid the distal bifurcation. Several cine projections 
should be used to ensure accurate positioning of the stent, with the 
use of the left anterior oblique cranial view of particular value in 
clearly visualizing the ostium. In a similar fashion, ULMCA lesions 
involving the shaft alone should be treated, again avoiding the distal 
bifurcation if possible.

However, it is not surprising that the distal bifurcation is involved 
in 60–90% [57] and because of the marked variation in anatomy, no 
solo PCI strategy can be applied. Factors that need to be considered 
in determining the best form of intervention include the bifurcation 
angulation, distribution of the disease, the side branch size, and 
presence of disease. Conventionally, the main branch is the left 
anterior descending coronary artery, with the side branch the cir-
cumflex or intermediate artery. However, it must be remembered 
that the side branch can be just as important in terms of size and 
territory of distribution.

The important thing is to keep it simple if at all possible and if the 
disease affects the main branch alone (Medina classification 1,1,0 or 
1,0,0), a provisional one‐stent strategy with stent implantation from 
the ULMCA into the main branch would be the preferred option. 
Following optimization with post‐dilatation and final kissing 
balloon inflation, a second stent should only be considered if dissec-
tion with reduced TIMI flow is apparent or if there is a significant 
residual stenosis (which could be assessed for functional signifi-
cance with FFR). It is well known that a single stent approach for 
PCI of the ULMCA distal bifurcation has been demonstrated to 
have better outcomes [58,59] including a TLR rate almost equiva-
lent to that for PCI of the ostium or body when DES are used [5,60].

In certain circumstances, two stents should be the strategy from 
the outset: if there is significant disease affecting both branches 
which are of favorable size with a large area of distribution and if the 
side branch disease is longer than 3–5 mm in length. Restenosis is 
typically confined to the side branch ostium [59,61]; however, TLR 

rates can be up to 26%. A study has randomized 419 patients with 
distal bifurcation ULMCA disease to either the double kiss crush 
versus the culotte technique. The latter group sustained more 
MACE (16.3% vs. 6.2%; p < 0.05) largely because of higher TVR 
(11.0% vs. 4.3%; p < 0.05) [62]. Figure  15.2 illustrates the results 
following treatment of the distal bifurcation with the mini‐crush 
technique. However, it must be emphasized that whichever tech-
nique is used, the operator should be confident and final kissing 
balloon inflation is essential to obtain the optimal result.

More recently, dedicated bifurcation stents have become a novel 
topic for consideration by interventional cardiologists. The Tryton® 
(Tryton Medical, Inc., Durham, NC, USA) can be used alongside a 
conventional DES in a “reverse culotte” technique, facilitating stent-
ing and potentially improving angiographic results and clinical 
outcomes. The feasibility of this stent with EES was demonstrated 
in a prospective single arm study, including 52 patients with stable 
ULMCA disease. There was angiographic success in 100% and at 
6 months’ follow‐up TLR occurred in 12%, MI in 10%, and MACE 
in 22%, with importantly no ST [63]. In the future, with improve-
ments in technology, there may be a greater usage of similar stents 
if procedural ease and outcomes become favorable.

Pharmacotherapy in ULMCA intervention
There are a number of different adjunctive pharmacologic agents 
available currently for use during PCI, including unfractionated 
heparin, bivalirudin, and the glycoprotein IIb/IIIa antagonists, the 
choice of which generally lies with the operator. However, a recent 
pooled dataset from three large randomized trials comparing biva-
lirudin with heparin has suggested that in the ULMCA group (177 
patients) bivalirudin was associated with significantly less non‐
CABG‐related bleeding (4.5% vs. 14.6%; RR 0.27; 95% CI 0.09–0.83; 
p = 0.013) despite a similar composite endpoint of death, MI, and 
TVR at 30 days (11.4% vs. 12.4%; p = 0.513) [64].

The stent type of choice is the DES and the typical accepted dura-
tion of treatment following elective DES implantation is at least 12 
months of dual antiplatelet therapy (DAPT), with aspirin therapy 
continued indefinitely thereafter [41,65]. However, despite the fact 
that some current DES have CE mark for only 3 months DAPT, 
many interventionalists may actually recommend more prolonged 
DAPT because of the potentially catastrophic consequences should 
ST occur in the ULMCA. Indeed, the recent Dual Antiplatelet 

(a) (b) (c)

Figure 15.1 The treatment of an ostial left main stem lesion in an 84‐year‐old female patient with a SYNTAX score of 11. (a) shows the lesion 
at baseline; (b) demonstrates the implantation of a 3.5 × 8 mm drug‐eluting stent; (c) the final angiographic end result.
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Therapy Study randomized 9961 patients to 12 months versus 30 
months of DAPT. Prolonged treatment with DAPT reduced the rate 
of ST (0.4% vs. 1.4%; HR 0.29; 95% CI 0.17–0.48; p < 0.001) and 
MACCE (4.3% vs. 5.9%; HR 0.71; 95% CI 0.59–0.85; p < 0.001), with 
conversely more bleeding in the prolonged treatment group (2.5% 
vs. 1.6%; p = 0.001) [66]. Further studies are necessary to clarify the 
optimum regimen and duration of DAPT following the treatment 
of ULMCA with DES.

hemodynamic support
Generally with good left ventricular function, patients can tolerate 
ULMCA PCI well with no requirement for hemodynamic support 
electively. Indeed, the risk of acute instability requiring intra‐ 
aortic balloon pump (IABP) support is only 8% [67]. However, if 
there is severe left ventricular dysfunction, systolic blood pressure 
<90 mmHg, or acute coronary syndrome, a prophylactic IABP can 
be considered prior to the procedure. In addition, certain anatomic 
subsets, such as an occluded right coronary artery, dominant cir-
cumflex artery, or a heavy calcium burden that requires rotational 
atherectomy may undergo such support.

Currently the Impella 2.5 system (Abiomed Inc., Danvers, MA, 
USA), a minimally invasive left ventricular assist device, is available 
as an alternative means of hemodynamic support [68]. This device 
has been compared with the IABP in a randomized study of 452 

patients requiring non‐emergent PCI with complex triple vessel 
coronary artery disease or ULMCA with severely depressed left 
ventricular function. There was no difference in 30‐day MACE 
between groups (IABP 40.1% vs. Impella 35.1%; p = 0.227); how-
ever, a trend for improved MACE at 90 days with the Impella 
2.5 (IABP 49.3% vs. Impella 40.6%; p = 0.066) suggested there may 
be a benefit of this novel device in such situations if hemodynamic 
support is deemed necessary [69].

Conclusions
The treatment of the ULMCA remains a challenge for the inter-
ventional cardiologist, not only in procedural complexity but also 
the concurrent disease affecting many of the patients undergoing 
such a procedure. There has been increased enthusiasm in recent 
years because of a number of improvements within the field, 
including stent technology, adjunctive imaging, and pharmaco-
therapy which has resulted in the emergence of encouraging 
outcomes.

It must be remembered that each patient is an individual and 
should be risk stratified as such with the heart team involvement 
and careful consideration should be given to the strategy and 
pharmacotherapy regime. The results of randomized trials are 
eagerly awaited, which in time may lead to further changes in the 
guidelines for ULMCA PCI.

(a) (b)

(d) (e)

(c)

Figure 15.2 The use of a two stent mini‐crush strategy for the treatment of a 69‐year‐old male patient with a SYNTAX score of 24. (a) shows the 
disease affecting the distal bifurcation. (b) and (c) show positioning of the circumflex (3.0 × 18 mm) and left anterior descending coronary artery 
(3.5 × 23 mm) stents respectively. (d) demonstrates final kissing balloon inflation and (e) the final angiographic end result.
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The history of coronary bifurcation treatment is superimposed with 
that of coronary angioplasty as illustrated in the early 1980s by the 
description of the kissing balloon technique [1]. Many technical 
strategies have been proposed under various names since the advent 
of stenting but they have not always been adequately assessed.

Results achieved in coronary bifurcations with bare metal stents 
were clearly not as good as those achieved in non‐bifurcated lesions, 
especially with respect to restenosis and repeat interventions (TLR). 
These poor results fueled the development of dedicated stents while 
drug‐eluting stents (DES) paved the way for enhanced techniques 
aiming at optimal angiographic results [2].

In order to compare the various techniques, a substantial number 
of randomized trials were carried out, the majority of which 
 supported the provisional side branch (SB) stenting strategy (2013 
ACC/AHA and 2014 ESC recommendations). The strategies 
 recommended for the most complex lesions are still the subject of 
heated debate. Angioplasty of the distal left main is similar to bifur
cation percutaneous coronary intervention (PCI) without any 
 specific difficulties, but with a higher procedural risk. Indeed, as the 
angle between the two distal branches is wider and the vessel 
 diameters are larger, many stents are unsuitable for treating such 
cases. Although provisional stenting is regarded as superior on the 
basis of findings from registries and sub‐group analyses, no 
 randomized trial has yet been performed.

Anatomy and function of a coronary 
bifurcation
As is the case for trees in nature or in other parts of the human body, 
coronary trees have a pseudo‐fractal geometry consisting of self‐
similar repetition of the same modules which are asymmetrical and 
increasingly smaller coronary bifurcations (Figure  16.1). Each 
bifurcation is a single anatomic and functional entity with diame
ters defined by Murray’s law as follows: D3 proximal = D3 main 
 distal + D3 side branch. For Huo and Kassab the exponent is 2.3. 
Finet’s formula is simpler: D proximal = (D main distal + D side 
branch) 0.678 [3]. When two diameters of a bifurcation are known, 
the third can be calculated [4].

A coronary bifurcation is not only an anatomic entity, it is also a 
functional entity. There are, indeed, linear relationships between 
diameter, length, flow, and the myocardial mass supplied by a 
 vessel [3]. The bifurcation carena or flow divider plays an important 
part in the distribution of flow required to supply the myocardium.

The anatomic configuration of coronary bifurcations has multi
ple implications for treatment strategies and also for quantitative 
angiography (QCA). From the origin of the vessel down to its distal 
extremity, the diameter decreases unevenly at each bifurcation and 
does not follow a linear pattern as in standard QCA software [5]. 
With this type of software in the main vessel segment proximal 
(PM) to the SB, the reference diameter is underestimated and the 
degree of stenosis is overestimated. In the segment distal to the SB 
(DM), the reference is overestimated as is the degree of stenosis 
compared to the actual dimensions of the vessel segments. By con
ventional QCA, the SB can be measured using two methods. 
Measurement from the ostium underestimates the degree of an 
ostial lesion as well as the reference diameter. The most commonly 
used method includes the proximal main branch in the analysis and 
overestimates the diameter, the degree of stenosis, and the fre
quency of ostial lesions. There is currently a variety of dedicated 
software products which have become indispensable for coronary 
bifurcation QCA [6].

Coronary bifurcation: a pro‐atherogenic 
anatomy
In a linear coronary vessel, blood flow velocity is high during dias
tole (with a symmetric profile) generating high wall shear stress 
(WSS). In a vessel loop, the profile becomes asymmetric with high 
WSS on the outside and lower WSS on the inside of the loop.

In a bifurcation, the velocity is high at the level of the carena, 
generating high WSS on both sides of the carena, whereas flow is 
turbulent and even recirculating on the opposite walls resulting in 
low WSS [7]. High velocity persists in the coronary tree beyond the 
epicardial segments where the vascular area does not vary.

Low WSS is a documented pro‐atherogenic factor whereas high 
WSS has a protective effect. In areas of high WSS, the endothelial 

Bifurcation Lesion Stenting

Yves Louvard, Thierry Lefevre, Bernard Chevalier, and Philippe Garot
Institut Cardiovasculaire Paris Sud, Hôpital Privé Jacques Cartier, Massy and Hôpital Privé Claude Galien, Quincy, France

ChApter 16



D1

(a) (b)

(c)

D2

D3

7.30

92.49 262.88 433.26 603.65

Wall shear stress gradient (N/m3)

774.04 944.42 1114.81

177.69 348.07 518.46 688.84 859.23 1029.61 1200.00

SBA 1.8% B 26.6% C 24.8%

D 27.8% E 23.2% F 8.6%

G 12.4% H 20.5%

MB

Wall shear
stress (Pa)

5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

0.3

0.15

0
3.8 4 4.2 4.4

x (mm)
4.6 4.8 5

y 
(m

m
)

0.3
52.5

52.5

26.6

26.6

13.3

13.3

0.15

0
3.8

20

Shear stress
(dyne cm–2) 40 60 80 100

4 4.2 4.4
x (mm)

4.6 4.8 5

y 
(m

m
)

0.3

0.15

0
3.8 4 4.2 4.4

x (mm)
4.6 4.8 5

y 
(m

m
)

0.3

0.15

0
3.8 4 4.2 4.4

x (mm)
4.6 4.8 5

y 
(m

m
)

3.9 mm

2.2

2.7

3.7

3.6

P S
3.3

Right coronary artery

Q2
0.51

Q1
0.49

Qo
Reo = 797
Do = 3.93 mm
Qo = 328 ml/min
Uo = 451 mm/sec

(d) (e) (f)

(g)

Figure 16.1 Coronary bifurcation fundamental aspects. (a): asymmetric branching, the modulus of the pseudo‐fractal coronary tree. (b): Map of 
wall shear stress (WSS) derived from patient anatomy. Dark blue color corresponds to low WSS (Source: Soulis J, et al. Hippokratia 2014; 18(1): 
12–16). (c): Turbulences generated by stent struts, more important for thick stents, responsible for low WSS distal to a thick strut, as there is 
high WSS on the top of the strut (Source: Chestnutt and Han 2015 [18]). (d): flow in coronary bifurcation, linear with high velocity outside the 
curve and on both sides of the carena, turbulent (low WSS) opposite the carena (Source: reproduced from Asakura and Karino 1990 [7], Fig. 13, 
with permission of Wolters Kluwer). (e): Classic crush in an open angle bench bifurcation. The side branch (SB) stent is not apposed on the 
carena, there is an excess of metal in the proximal (PM) segment, if a kissing balloon (KB) is attempted there is a risk of crossing to the SB 
outside the stent (Source: Ormiston JA, et al. Catheter Cardiovasc Interv 2004; 63(3): 332–336). (f): example of micro CT‐scan of a bench stent 
deployment (Source: Ormiston JA, et al. Catheter Cardiovasc Interv 2004; 63(3): 332–6). (g): WSS in various post‐treatment scenarios in 
bifurcation models. In models with significant SB stenosis (B–E), low WSS areas were observed in the SB and lateral side of main branch (MB). 
Low WSS areas in the lateral side of MB were also more exaggerated in the post‐kissing balloon angioplasty models (G and H) and carina shift 
model (F). Percentages of low WSS are indicated in each scenario. A is the original normal model and has the lowest surface of low WSS 
(Source: Na and Koo. Korean Circ J 2011; 41: 91–96. Published under Creative Commons License 3.0).
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cells are aligned along the flow with no intercellular space, whereas 
low WSS is associated with cellular disorientation, presence of 
intercellular space, and various other modifications [8].

Maps of WSS in a coronary vessel can be produced in models 
derived from real patients, confirming the relationship between low 
WSS and presence of atheroma. In a bifurcation, atheroma initially 
develops opposite the carena, as shown by anatomo‐pathologic 
examination. Development of atheroma affects the pattern of intra
coronary flow, which may in turn lead to circular progression of the 
plaque toward the carena [9].

Stent behavior in bifurcations
The deployment of stents in bench models reproducing more or less 
accurately “real” coronary bifurcations has considerably helped 
operators to identify difficulties and implement successful strate
gies. These models have been designed to match the technical 
 conditions of “real” interventions as closely as possible.

The opening of a stent strut toward the SB in bifurcations with 
an acute angle results in the protrusion of struts in the SB ostium as 
well as stent distortion on the side opposite the SB. This double phe
nomenon is even more marked when opening a distal strut next to 
the carena and can be corrected by performing kissing balloon 
inflation. This is the basis of the provisional stenting strategy [10].

By systematically assessing techniques and dedicated stents in 
basic models of both bifurcations and non‐bifurcations, Ormiston 
et al. [11] demonstrated the inadequacy of the Crush and Culotte 
technical strategies in bifurcations with an open B angle, which was 
further confirmed in clinical settings. Similarly, the Simultaneous 
Kissing Stent (SKS) technique is less attractive than initially thought, 
because it generates a neocarena, two semi‐cylindrical channels 
wrapped up around each other, as well as malapposition areas.

Bench testing images using micro CT scan have become very 
useful investigation and teaching tools. The use of electron micro
scopes has made possible the analysis of polymer damage in certain 
settings. The most elaborate benches allow the analysis of bio
resorbable stent deployment at 37° [12]. They are even sometimes 
derived from the anatomy of real patients with pulsatile perfusion 
or cyclic angle modification in order to test stent resistance to frac
ture. Modern DES are almost exclusively based on an open‐cell 
design. Strut dimensions (thickness, but here more importantly 
width) and strut shape (rectangular, round, elliptical, and so on) 
influence the impact on SB origin and can affect re‐crossing. The 
main differences between design are related to the number of con
nectors (two or three) and their types as they can connect to peak or 
to valleys in a straight or an oblique way; some designs include vari
ations in strut connector width. The range of diameters are usually 
covered by two or three designs, with different cut‐off according to 
the brand, which can impact the capability of overexpansion and 
maximal cell size opening as they have a different number of 
crowns [11]. A good knowledge of these data when selecting stents 
to treat bifurcation is the key to success. Bench tests have been car
ried out to evaluate the impact of different types of stent at the dif
ferent steps of bifurcation stenting particularly in terms of residual 
ostial SB obstruction and malapposition [11]. However, differences 
are usually limited and the most important factor of variability is 
not the stent design but the relation of crowns and connectors with 
the SB ostium due to the absence of possible control at the time of 
implantation in vivo, when using non‐dedicated stents. The result 
could be a V, W, T, or H shape of struts obstructing the SB, which 
explains the variability of final results in terms of strut apposition at 
the SB ostium after SB inflation and/or kissing balloon technique.

Digital simulation bench tests have recently been developed 
using more or less realistic bifurcation models and virtual stents 
with the same characteristics as commercially available stents. The 
most sophisticated models are derived from digital reconstruction 
based on angiographic, CT scan, or intraluminal (IVUS or OCT) 
patient data [13,14]. These simulation models have allowed the 
evaluation of technical strategies whose clinical outcome was 
uncertain: selection of the crossover stent diameter in provisional 
stenting and effect of proximal optimization technique (POT). 
Digital simulation provides data that cannot be obtained in real 
patients such as flow geometry before and after stenting, circumfer
ential stress generated by stenting (overdilatation) with docu
mented clinical impact [15], mapping and significance of low WSS 
areas in bifurcations with neointimal hyperplasia (NIH) opposite 
the carena [16].

Variations in flows can be analyzed according to strut thickness 
as there is recirculation behind the struts (known factor of resteno
sis) [17]. Analysis of flow behind the stent struts enables the identi
fication of the triggering factors of thrombosis [18]. These data can 
be used to develop enhanced technical strategies as well as for 
teaching purposes or even for future pre‐treatment

Coronary bifurcation stenosis
Definitions of coronary bifurcation lesions are generally based on 
the SB ostium diameter with relation to the potential myocardial 
complications associated with SB occlusion. This diameter is often 
similar to that of the smallest available stent (2.25 mm) which can 
be used to stent a 2‐mm artery (1.1 : 1 ratio).

In order to include factors such as myocardial viability in the SB 
territory or its collateralizing role, the European Bifurcation Club 
(EBC), a coronary bifurcation treatment think tank founded in 
2004, proposed the following definition: “a coronary artery narrow
ing occurring adjacent to, and/or involving the origin of a signifi
cant SB.” A significant SB is a branch that the operator does not 
want to lose [19].

Many classifications of bifurcation lesions based on angiography 
have been proposed, all of which are difficult to memorize. Some of 
these classifications are associated with arbitrary treatment strate
gies for each bifurcation type [20]. Medina’s is the simplest classifi
cation (Figure  16.2) [21] but does not provide complete lesion 
characterization and must be combined with dedicated QCA and 
other imaging methods which are now indexed as new Medina 
intravenous ultrasound (IVUS) or fractional flow reserve (FFR) 
classifications. The important characteristics to be taken into 
account before performing coronary angioplasty are the presence of 
calcifications, the length and degree of the SB ostium stenosis, 
the angle between the PM segment and the SB (A for access), or the 
angle between the two distal segments (B for between) [19]. 
Medina’s classification should be associated with precise delinea
tion of the SB (before treatment for comparative studies) preferably 
based on the diameter and length of the distal artery. This descrip
tion could follow Medina’s classification and be expressed as LAD1, 
LAD2, Dg2 [19].

Stenting techniques
Describing the techniques of coronary bifurcation stenting has 
become a difficult task owing to the creativity deployed by interven
tional cardiologists. Certain very similar technical strategies are 
known under different names, whereas very dissimilar techniques 
can be designated by the same name. Very few classifications of 
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stenting techniques have been published. The EBC has tried to find 
a method of classification that is both simple and open. The MADS 
classification is based exclusively on the final position of stents and 
on the order in which they are implanted (Figure 16.2) [19], thus 
allowing a simplified description according to the strategy imple
mented, namely, the position of the first stent. All strategies share 
common technical issues.

All the various strategies of stent placement in the MADS classi
fication have been carried out in patients and have been published 
or reported. However, most of the recent techniques have not been 
specifically listed in the classification because their main variations 
from the standard techniques only involve balloon or wire maneu
vers. Inverted strategies have been included in the classification 
to  describe stent implantation techniques from the main artery 
to the smallest distal branch (i.e., “straight” Culotte described first 

by Chevalier [22], A for “Across” strategy and the inverted Culotte 
stenting from PM to SB) all with their own technical problems.

The only way to perfectly describe and classify the various tech
nical strategies implemented in patients would be an e‐reporting 
sytem including all the preparation techniques, wire and balloon 
maneuvers.

Non‐left main and left main stenosis 
clinical trials
One versus two stents?
Many trials, non‐randomized in the era of bare metal stents (BMS), 
randomized or not in the era of DES, have compared the use of one 
vs. two stents in non‐left main bifurcations.
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In the era of BMS, the meta‐analysis by Zamani and Kinlay [23] 
clearly underlined the benefit of single stent placement with respect 
to the occurrence of clinical events. Six randomized trials compar
ing single‐ versus double‐stenting were carried out in Europe and 
were included in several meta‐analyses which confirmed the 
absence of any differences in terms of mortality or repeat interven
tion [24–29]. The single‐stent strategy was associated with a lower 
rate of myocardial infarction (MI) and a trend toward a reduced 
incidence of stent thrombosis. A meta‐analysis of both randomized 
and non‐randomized studies comparing QCA results showed a 
 better acute gain in the SB ostium associated with the dual‐stent tech
nique, but also a higher late loss, which translated into an absence of 
mid‐term differences in minimal luminal diameter (MLD) [30].

European studies comparing one or two‐stent strategies were 
discussed in reports of Asian trials in the DES era. The DK‐Crush 
II trial [31], in particular, compared the provisional stenting strat
egy in patients with true bifurcation lesions (Medina 1,1,1 or 0,1,1) 
with the double kissing crush technique whereby two kissing 
 balloon inflations are performed, the first inflation after placement 
of the first stent in the SB with minimal proximal crush using a 
 balloon, and the second inflation at the end of the procedure. This 
randomized trial, which included 185 patients in each study group, 
observed no significant clinical differences at 6 months, but signifi
cant differences in the rates of death, MI, and TVR at 12 months 
after systematic follow‐up angiography at 8 months. This study was 
included in a meta‐analysis which highlighted a trend toward a 
potential benefit associated with a double stenting strategy in bifur
cations with a large‐diameter SB (sub‐group analysis).

In the Korean randomized trial, PERFECT, no differences were 
observed between the Crush and the Provisional strategies in bifur
cations with SB stenosis: MACE at 12 months: 17.8 vs. 18.5 for 
Crush and single stenting, respectively [32].

The patient‐level meta‐analysis of the Nordic I and BBC 1 trials 
generated particularly interesting findings [33]. Indeed, at 9 months 
a difference emerged with respect to the rates of death, MI, and 
TVR in favor of the single‐stent strategy. This difference was con
sistent across all subgroups, especially in patients with a large SB 
and long lesions. Procedural time, X‐ray exposure, and volume of 
contrast used were also lower in recipients of a single stent. The 
5‐year overall mortality rate was inferior in the single‐stent strategy 
group (3.8% vs. 7.0%; p = 0.04) [Behan, personal communication, 
EBC meeting 2014].

Final kissing balloon or not?
The potential benefits of final kissing balloon (FKB) are considered 
irrefutable when both branches of the bifurcation are stented [34]. 
The benefits of final kissing in provisional stenting procedures are 
still controversial. The Nordic III randomized study [35] did not 
show any clinical difference at 6 months, but demonstrated a differ
ence in favor of kissing with respect to SB restenosis at 8 months. 
The COBIS I registry [36] pointed to a higher risk of TLR and 
MACE associated with FKB in contrast to COBIS II [37] which 
showed a reduction in target vessel revascularization in the main 
vessel or in both branches.

Two recent Korean randomized studies confirmed that system
atic final kissing is not superior to the simple crossover strategy in 
bifurcations with a lesion‐free SB. A higher restenosis rate was 
observed in the main vessel (3.8% vs. 7.0%; p = 0.018) in the CROSS 
study [32]. In this study, systematic angiographic follow‐up exami
nation was performed at 8 months before clinical endpoint analysis 
(MACE: death, MI, TVR). The SMART‐STRATEGY trial [38] 

compared a conventional with an aggressive strategy after cross
over stenting. In the “aggressive” strategy group the SB was treated 
in  the  presence of < TIMI 3 flow or >75% stenosis, in non‐LM 
 bifurcations, and with >50% SB stenosis in LM bifurcations. The 
conservative strategy was associated with a lower incidence of 
 procedure‐related myocardial necrosis (5.5% vs. 17.7%; p = 0.002) 
and at 12 months the incidence of target vessel failure was similar in 
both groups (9.2–9.4%).

The efficiency of kissing and prevention of its potentially nega
tive effects depend on the manner in which it is carried out [35]: use 
of non‐compliant balloons at least in unstented SB in order to 
 prevent the occurrence of dissection, short balloons to avoid oval 
distortion in the PM segment, stent diameters adapted to the distal 
diameters of the bifurcation, inflations in the SB in preparation for 
kissing, prolonged inflations, inflation in the SB first.

Which double stent technique?
Like the provisional stenting strategy, double stenting techniques 
have evolved. Crush has now become mini‐crush whereby a stent 
strut is opened toward the SB following each stent implantation, 
with kissing inflation in most cases (Mini‐DK‐Crush) [39], which 
improves the success rate of final kissing. With respect to the 
Culotte technique, the proximal overlapping area has been reduced 
to a minimum (mini‐Culotte) and POT is carried out at each stage 
of the procedure.

Two randomized trials compared two bifurcation stenting 
 techniques: the NORDIC II trial found no significant differences 
between Crush and Culotte techniques at 6 months. However, 
there was a lower use of FKB in the Crush group (failure) as well as 
a trend toward more frequent biomarker elevation [40,41]. 
Opposite findings in the left main were reported in the DK‐Crush 
III study [42].

The Simultaneous Kissing Stent (SKS) technique described by 
Sharma et al. [43] consists of the simultaneous deployment of 
two stents from the PM segment toward each of the two branches. 
This technique has not been compared with other strategies. It has 
inherent technical difficulties which are not easy to overcome. 
For instance, in cases of proximal dissection, a neocarena of varia
ble length is generated, making any repeat intervention difficult. 
The advocates of this technique recommend the implementation of 
a life‐long dual antiplatelet treatment.

Double stenting: a pro‐thrombotic situation
The meta‐analysis by Zimarino et al. [44] clearly demonstrated the 
excess rate of stent thrombosis in cases of double stenting (OR 2.31) 
associated with an increase in MI (OR 1.86). It also showed the 
 relation between infarction and thrombosis. Peri‐procedural 
 biomarker elevation associated with double stenting techniques has 
no impact on patient outcome.

Are results applicable to distal left main stenting?
There are no randomized studies comparing the single and double 
stenting strategies in distal left main lesions. The findings of many 
registries suggest that the provisional SB stenting strategy should 
also be recommended in distal left main segments in the majority 
of cases.

Several important registries pointed to the superiority of the 
 provisional strategy: improved TLR‐free survival in a population of 
773 patients with left main lesions undergoing single stent implanta
tion, no differences between the double stenting, T, V, or Crush tech
niques in the Italian multicenter study by Palmerini et al. [45], lower 
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rate of cardiac death at 3 years in the study by Toyofuku et al. [46], a 
lower 1‐year MACE rate in a sub‐group of the Syntax trial.

Workhorse versus dedicated stents
Very few randomized studies comparing the provisional strategy 
with the use of a dedicated stent have been carried out. Recently, the 
Tryton dedicated stent was compared with the provisional strategy 
in bifurcations with a large SB. The TRYTON trial did not meet its 
non‐inferiority primary endpoint as a result of an increased rate of 
peri‐procedural MI [47]. However, bifurcations included in the 
study had an SB diameter often lower than specified in the inclu
sion criteria. A sub‐group analysis of SBs with a diameter >2.25 mm 
demonstrated the non‐inferiority of the TRYTON stent [48].

Bifurcation stenting general principles
Based on fundamental clinical data pertaining to non‐left main and 
left main bifurcation stenting, three recommendations can be 
made:
1 The number of implanted stents should be limited, which may 

lead to implementation of the provisional SB stenting strategy. 
Alternatively, an SB stenting predictive score [49] or SB occlu
sion predictive score can be used in order to weigh up the advan
tages of stenting the SB first. A comparison between the two 
strategies in the same population would show that using the 
score used in the DEFINITON study, 30% of double stenting 
starting with the SB would be performed and 70% of provisional 
SB stenting  strategies. If the provisional strategy were to be used, 

the  percentage of double stenting after final kissing balloon 
would be probably lower than 30% even in left main lesions.

2 Full deployment and apposition of a single stent layer is needed.
3 Compliance with the branching law of bifurcation should be 

respected.

provisional side branch stenting strategy
Step‐by‐step provisional SB stenting is described in Figures  16.3 
and 16.4. A jailed wire in the SB, hydrophilic or not, is a safe 
 technique if the crossover stent is not deployed on the radiopaque 
segment of the wire.

Many predictors of SB occlusion have been described. They 
involve the presence of ostial lesions of the SB, lesion length, steno
sis or homolateral plaque at the SB of the PM segment, calcified 
plaque opposite the SB, an acute coronary syndrome, lesions  outside 
the left main. An acute B angle has been considered a predictive 
factor of occlusion resulting from carena shift when a stent larger 
than the diameter of the DM segment is implanted [50]. However, 
Zhang et al. [51] states that an open angle is a predictor of occlusion 
whereas Hahn et al. [52] concludes that the angle has no impact.

This recent study also questions the efficacy of a jailed wire in 
preserving SB patency. However, the jailed wire strategy can be 
 considered as a predictor of patency restoration because of its use as 
a “landmark,” the change in the angle of SB access or in the setting of 
a salvage maneuver (reopening of the SB with a very small  balloon 
inflated outside the stent). The size of the stent is selected on the 
basis of the DM segment diameter. The purpose of the POT is to give 
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Figure 16.3 Provisional stenting strategy. A: 2 wires beginning with the most difficult branch. 1: Axial OCT view showing the position of the 
carena (flow divider). B: Stenting of the main branch across the SB protected by a jailed wire, diameter chosen from the DM segment. C: 
Proximal optimization technique (POT) proposed by Darremont, to give a second diameter, the one of the PM segment (matching that of the PM 
segment), to the stent. 2: Crossover stent deployment in a specific patient model, proximal malapposition. After POT the proximal segment of 
the stent is apposed, the cells are more opened in front of the SB if the big and short POT balloon is inflated with the distal marker in front of 
the carena. D: Main vessel wire, prepared with a long shape, is pulled slowly in front of the SB to enter the most distal cell facilitated by POT. 3: 
Online 3D OCT reconstruction showing the wire in the most distal cell. E: after dejailing of the SB wire pushed in the distal main vessel, kissing 
balloon using short balloons, non‐compliant for the SB, chosen from the two distal segments. Begin the inflation with the SB balloon. 4: When 
the most distal cell is entered toward the SB, there is metal projection in the ostium of the SB. 5. Ostium of the SB after POT only (left) and after 
kissing balloon (right). F: SB stenting when necessary performed as a T stenting or a TAP (T and Protrusion). 6: Stent enhancement showing on 
the left projection of metal in the SB ostium, ideal for T stenting, absence of projection after proximal cell crossing on the right leading to TAP 
stenting. G: Mandatory FKB after any double stenting implantation. H: Final POT to correct potential elliptical distortion created by kissing.
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the crossover stent two distinct diameters corresponding to those of 
the two covered segments. This technique allows the reconstruction 
of the initial anatomy of the bifurcation and facilitates wire exchange 
when SB treatment is implemented by avoiding wire exchange 
 outside the proximal part of the main branch (MB) [53].

The “crossover” stent should be implanted sufficiently proximal 
to the SB to accommodate a short, large‐diameter balloon. 
Guidewire exchange is normally carried out by pulling back the 
main vessel wire (in the absence of any untreated dissection) in 
order to insert it in the SB through the most distal cell, thus allow
ing the projection of struts in the ostial segment of the SB opposite 
the carena. The jailed wire is subsequently removed from the SB 
and inserted into the DM segment. Though relatively safe, this 
maneuver can be associated with a risk of guiding‐catheter pene
tration resulting in dissection or longitudinal stent distortion 
 particularly in the setting of left main PCI.

Guide‐wire exchange generally aims at treating the origin of the 
SB which is often stenosed as a consequence of the carena shift phe
nomenon. The resulting stenosis is non‐significant in most 
instances as shown by FFR assessment of angiographically tight 
lesions [54]. This can be explained by the oval configuration of the 
SB ostium as visualized using the least optimal angiographic view, 
even though the actual reduction of the vascular area is minimal.

Kissing balloon inflation was the first specific technique applied 
to bifurcations and is still the subject of controversy. Alternatives 
to kissing balloon have been proposed on the basis of in vitro tests 
that need clinical validation. These include successive inflations 
in the side and main branches (Side, Main, Side: SMS) and above 
all POT‐side‐POT. It is sometimes recommended that a second 
stent should be implanted in the SB ostium in the presence of a 
dissection or residual stenosis, or even systematically in long 
lesions located in large vessels. In such cases, T or TAP (T and 
Protrusion) [55] placement can be performed depending on the 
coverage of the ostium by a crossover stent as visualized using 

the  stent enhancement technique (when the SB wire has been 
inserted in the most distal strut). Though a more complex 
 technique, the straight Culotte stenting technique can also be used 
to treat the SB. In all cases, final kissing balloon with short non‐
compliant balloons after double stenting is indispensable and final 
POT useful to correct oval distortion.

The major advantage of provisional SB stenting lies in the fact that 
each step of the procedure can be adapted according to the results of 
the previous step. In small‐diameter SBs, simple protection (use of a 
protection wire) during crossover stenting is sufficient. In large‐
diameter SBs, when flow in the SB is < TIMI 3, associated with chest 
pain and/or ST segment changes, reopening of the branch (SMS, 
POT‐side‐POT, or kissing balloon inflation) is necessary. If there is 
a significant difference between the PM and the DM diameters, POT 
should be performed and a cell should be opened toward the SB by 
means of kissing balloon or POT‐side‐POT, in order to ensure SB 
access in case further treatment should be required or to put the 
carena in its place.

Beginning with SB stenting
The initial stenting techniques starting with the SB were conven
tional T stenting with the frequent disadvantage of a gap at the SB 
ostium in Y‐shaped bifurcations (Figure 16.5) [2]. This led to the 
modified T stenting whereby the SB stent protrudes into the MB in 
which a balloon has been inflated [2]. In the conventional Crush 
technique strategy, the SB stent is implanted far into the PM 
 segment, then crushed with the crossover stent in the MB. 
Subsequently wiring the SB to perform the indispensable final kiss
ing balloon inflation can prove difficult.

The most elaborate version of the Crush technique is currently 
the mini DK‐Crush described by Chen et al. (Figure  16.3) [39]. 
This specific strategy does not use POT and, consequently, the size 
of the selected stent must match the PM diameter. Performing 

Figure 16.4 Inverted provisional stenting. 1–3: Bifurcation stenosis 1,0,1; LAD1,LAD1,Dg1. 4: After stenting from left anterior descending (LAD) 
to diagonal with a stent diameter adapted to diagonal, a POT is performed with a short balloon adapted to LAD diameter. 5: Result after POT. 
6: Kissing balloon with short balloons adapted to the two distal diameters, non‐compliant for LAD. 7: Second POT with the same balloon to 
correct the proximal oval distortion. 8–10: Result in three initial projections.
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 kissing balloon inflation after Crush in the SB facilitates both the 
passage of the wire through the struts of the stent which is subse
quently implanted in the MB and final kissing inflation.

There are two distinct Culotte techniques. The first was initially 
described as part of the provisional strategy. The second begins 
with stent implantation in the PM segment toward the SB, in order 
to avoid losing the SB. As the difference between the PM and SB 
diameters is sometimes significant, the second technique 
(Figure 16.3) requires POT in the PM on the SB wire immediately 
after implantation of the first stent in order to prevent the occur
rence of wire exchange outside the stent toward the DM, which 
would result in unintended Crush.

Dedicated stent implantation
Bifurcation‐dedicated stents represent the holy grail for the inter
ventional cardiologist. Although many dedicated stents have been 
evaluated in the past 10 years, their superiority over the provisional 
strategy has not been demonstrated. There are currently four dedi
cated stents commercially available worldwide.

The BIOSS stent is the most recent dedicated device. Data per
taining to this stent have been collected in small registry studies. It 
is a balloon‐expandable DES with large struts at the bifurcation 
level facilitating access to the SB. There is currently a sirolimus‐
eluting version of this stent.

The Stentys device was also evaluated in registry studies. It is a 
balloon‐expandable stent, initially eluting TAXUS. The new gen
eration is a sirolimus‐eluting stent allowing accurate placement 
(inflation of the balloon results in the rupture of the sheath 

 covering the stent). The design of this stent enables easy access to 
the bifurcation branches with the possibility of “breaking” a strut 
during SB dilatation in order to achieve optimal SB coverage in 
cases of distal access.

The Axxess stent was broadly evaluated and compared with the 
provisional strategy in non‐randomized studies. It is a balloon‐
expandable Biolimus A9‐eluting stent. The stent design enables 
treatment of the MB segment proximal to the bifurcation with 
 partial coverage of the SB ostium and distal MB segment. It is often 
necessary to implant one or even two additional stents for adequate 
coverage of the lesion. A version of this stent was specifically 
designed for left main lesions.

The Tryton stent is a balloon‐expandable bare stent designed 
to  facilitate bifurcation treatment using the Culotte technique. 
This stent is intended for “true” bifurcation lesions requiring a dou
ble stent technique. The stent design allows optimal coverage of the 
SB as well as loose coverage of the proximal MB facilitating access 
to the MB and placement of a DES in the MB. This is the only 
 dedicated stent that has been assessed in comparison with the 
 provisional strategy in a randomized trial in patients with “true” 
bifurcation lesions. The study failed to demonstrate the non‐ 
inferiority of the dedicated stent compared with the provisional 
strategy. However, the inclusion criteria, and especially the SB size 
>2.5 mm, were not adequately fulfilled in this study.

When taking into account patients meeting the inclusion criteria, 
the Tryton stent appears to be non‐inferior to the provisional strat
egy. A study evaluating the Tryton stent specifically designed for 
left main lesions is currently underway. The new stent iteration will 
be a DES.
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Figure 16.5 Mini‐DK‐Crush technique. A: Two wires, implantation of a stent in the ostium of the SB with a small protrusion. B: Crush of the 
protrusion with balloon inflation in the main branch after SB wire removal. C: After recrossing toward the SB with a wire, first KB. D: Crossover 
stent implantation in the main vessel after SB wire removal. E: After rewiring the SB, second KB. F: final result. 1–7: Inverted Culotte. 1: Two 
wires, implantation of a stent chosen from SB diameter from PM to SB. 2: POT with a balloon adapted to PM diameter to avoid unintentional 
crush. 3: Use of the SB wire to re‐enter the distal (DM) close to the carena. 4: After dejailing the main vessel wire, insertion in the SB and 
pre‐dilatation toward the DM to prepare stenting. 5: Stent from PM (short protrusion) to DM, followed by POT after SB wire removal. 6: Wire 
recrossing th SB, close to the carena (distal cell). 7: Final KB.
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Bifurcation stenting with bioresorbable 
stents
The potential advantages of BRS in the treatment of bifurcations are 
the conformability of the scaffold, the absence of fracture at the 
level of the carena when two stents are implanted, and the possibil
ity of restoring patency in the SB. However, given the long resorp
tion time, especially with bioresorbable vascular scaffolds (BVS), 
the risk of thrombosis at 1–4 years cannot be eliminated.

Bench testing data pertaining to BVS [11] have evidenced some 
limitations for the treatment of bifurcations. Although BVS are 
compatible with a conventional provisional strategy with appropri
ate sizing, conventional kissing should not be performed as it can 
result in BVS fracture. According to the recommendations issued 
by the EBC, POT‐side‐POT should be performed if the SB needs 
attention or alternatively, “mini kissing” using short, non‐compliant 
balloons which do not extend beyond the polygone of confluence, 
inflated at low pressures (≤5 atm).

Given the thickness of BVS (150 μm), dual‐stent techniques may 
increase the risk of thrombosis. The only technique that we can cur
rently recommend is T stenting with two BVS or one BVS in the MB 
and a DES in the SB. There are few data regarding the other BRS, 
but some seem to have a broader expansion potential, which could 
allow stenting with 2 BRS. The new BVS generation with 100‐μm 
thickness provides interesting treatment possibilities.

role of imaging in bifurcation stenting
The role of imaging (IVUS or OCT) in the treatment of bifurcations 
is still the subject of controversy. Although IVUS and OCT provide 
interesting information (apposition, stent positioning, access to the 
distal strut, technical mistakes) likely to improve the final result, 
only a few retrospective studies have shown potential benefits for 
left main stenting in particular.

In routine practice, we recommend that imaging techniques 
should be used when in doubt or during the learning phase, espe
cially for left main treatment or when BRS are used.

Conclusions
The safe and efficient treatment of coronary bifurcation lesions 
requires appropriate knowledge of the anatomy and function of this 
specific entity. Remembering the lessons learned from bench test
ing during the procedure can help the operator overcome inherent 
difficulties. Simulation models are more associated with strategy 
and can be instrumental in achieving a reduction in the number of 
stents used, in avoiding stent overlap, and enabling appropriate 
stent apposition in order to restore an optimal anatomic 
configuration.

Several strategies have been accurately delineated. The Mini‐DK‐
Crush and mini‐Culotte techniques are recommended for complex 
lesions, whereas the provisional strategy can be implemented in 
practically all lesions.

One might have been justified in thinking that the advent of BRS 
would solve the issues related to bifurcation stenting. However, 
early experience has shown that these stents generate new technical 
and clinical problems such as thrombosis.
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Myocardial revascularization in patients with multivessel coro-
nary artery disease (MVD) can be accomplished by percutaneous 
 coronary interventions (PCI) or coronary artery bypass grafting 
(CABG). Approximately two‐thirds of patients who require revas-
cularization have MVD and two‐thirds of these have anatomy that 
is amenable to treatment by PCI or surgery. Today, more complex 
lesions and sicker patients are being taken for multivessel PCI 
than in the past. This has been brought about by increasing opera-
tor experience, technological advances such as the availability of 
drug‐eluting stents (DES), and more potent antiplatelet therapy 
with  glycoprotein IIb/IIIa receptor antagonists and clopidogrel. 
Other contemporary procedural improvements, such as the avail-
ability of newer generation DES and more potent antiplatelet 
drugs than clopidogrel for patients with acute coronary syndromes 
(ACS) (i.e.,  prasugrel or ticagrelor), are anticipated to improve 
further the  outcomes of patients with MVD undergoing PCI. As a 
result, the frequency of multivessel PCI is expected to increase in 
the future.

Many factors must be considered when approaching a patient 
with MVD. First, these patients have a less favorable long‐term 
 outcome. They are more likely to have adverse clinical features 
including diabetes mellitus, prior myocardial infarction (MI), and 
reduced left ventricular function. Second, the functional signifi-
cance and complexity of each lesion need to be assessed to deter-
mine the appropriate percutaneous strategy. Procedural complexity 
and the risk of multivessel intervention is increased when unfavora-
ble anatomy such as chronic total occlusions (CTO), calcified bifur-
cation lesions, and diffusely diseased small vessels are present 
(Box 17.1). Third, the impact of restenosis needs to be considered. 
The decision to choose PCI as a revascularization strategy should 
be based not only on whether it can be done safely and successfully, 
but also on its short‐ and long‐term benefits when compared with 
the alternative of medical or surgical treatment. A risk stratification 
approach in decision‐making for revascularization of MVD is cur-
rently endorsed by clinical practice guidelines.

Revascularization strategy
The extent of planned revascularization, on all diseased lesions or 
directed to selectively targeted coronary segments, is a major deter-
minant of treatment strategy.

Complete revascularization
The concept of complete revascularization was initiated from early 
studies on CABG which demonstrated that patients who were com-
pletely revascularized derived symptomatic and survival benefits 
over those who were incompletely revascularized. Patients with 
 diabetes mellitus, extensive coronary artery disease, large ischemic 
burden, and left ventricular dysfunction required the most com-
plete revascularization to achieve long‐term event‐free survival.

There is large variability in the definition of completeness of 
myocardial revascularization adopted by different studies. We 
 propose a simple definition that takes into account the size of the 
vessel, the severity of the lesion, and the viability of the myocardial 
territory (Table 17.1). An anatomically complete revascularization 
is accomplished when all vessels with clinically significant stenosis 
(≥50% stenosis in vessel >1.5 mm diameter) are treated irrespective 
of the underlying myocardial function. A functionally complete 
revascularization refers to cases in which only lesions supplying 
viable myocardium are treated. Therefore, revascularization may be 
anatomically incomplete but functionally adequate.

Although complete revascularization is the goal in most patients 
undergoing multivessel intervention, incomplete revascularization 
is common in clinical practice. The ability to achieve complete 
revascularization depends on the selection of patients. Reasons for 
not attempting to treat all diseased vessels include the presence of 
CTO, the presence of serious medical conditions such as severe left 
ventricular dysfunction, or the decision to treat only the “culprit 
lesion” that is thought to be responsible for the patient’s symptoms. 
Functionally adequate revascularization aims to treat all significant 
stenoses in vessels that supply viable myocardium. Lesions in small 
or diffusely diseased vessels and lesions serving infarcted territories 
can be safely left alone. Recently, some evidence has emerged that 
the prognosis of patients with MVD remains acceptable when the 
amount of incomplete revascularization does not exceed specific 
thresholds measured by adaptations of the anatomic SYNTAX score 
(i.e., residual SYNTAX score) [1].

Culprit lesion strategy
Culprit lesion refers to the lesion responsible for the acute coronary 
syndrome or the stenosis most likely responsible for the patient’s 
symptoms. The decision of whether to perform culprit vessel or 
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complete revascularization needs to be individualized. In most 
cases of MVD, target or culprit lesion can be identified by a combi-
nation of historical data, electrocardiographic findings, angiogra-
phy supplemented by radionuclide studies or intravascular imaging. 
Morphologic characteristics that are associated with an unstable or 
culprit lesion include scalloped edges, irregular borders, and the 
presence of thrombus. In patients in whom a culprit lesion or 
lesions can be determined, PCI can be directed to treat that lesion 
alone without exposing the patient to the risks of dilating other 
lesions not responsible for the patient’s symptoms. If the patient 
continues to have angina or a subsequent stress test shows ischemia 
in that territory, a second procedure can be performed to revascu-
larize the vessel that was previously not attempted.

Staged PCI
The decision to perform multivessel PCI in the same procedure or 
planned staged procedures include the desire to diminish proce-
dural risk, avoid excessive contrast use, lessen patient discomfort, 

and reduce physician fatigue. Whereas it is reasonable to attempt 
two simple lesions during the same procedure, the presence of com-
plex lesion should deter the operator from attempting more than 
one lesion at a time. Staging potentially limits the amount of myo-
cardium at risk in the event of acute closure. However, the incidence 
of acute closure is rare with the advent of stents and dual‐antiplatelet 
therapy. In case of staging, the time interval for planning the second 
procedure varies from days to few months according to the operator’s 
discretion. One approach is to stage at an interval of 4–8 weeks to 
allow the first lesion to stabilize.

On the other hand, multivessel PCI in a single procedure can be 
associated with several inherent advantages. It expedites patient 
care, avoids a second invasive procedure with its associated morbid-
ity, and reduces total radiation exposure and potentially cost. 
However, multivessel intervention is associated with a higher pro-
cedural contrast use and should be avoided in situations where the 
risk of contrast‐induced nephropathy is high.

Regardless of the strategy (staged or multivessel PCI), the order 
in which diseased vessels are treated needs to planned. In ACS, the 
culprit lesion is treated first. In elective PCI for stable angina, the 
artery either supplying the largest amount of myocardium or 
involving the technically most difficult lesion is usually approached 
first. CTO are often the most technically demanding lesions to treat 
and are usually approached first in multivessel PCI. In the event of 
failed PCI to the CTO, the patient could be referred for CABG. 
Before attempting to open a CTO, it is important to determine the 
viability of the myocardium supplied by the occluded artery. The 
hypothesis that late mechanical reperfusion in patients with asymp-
tomatic occluded infarct‐related artery will improve long‐term 
clinical outcomes remains to be proved.

Assessment of non‐culprit 
or intermediate lesion
Assessment of a coronary lesion of intermediate severity contin-
ues to be a challenge. There can be significant observer variability 
in interpretation of the severity of an intermediate coronary 
lesion defined as luminal stenosis >40% but <70%. Intravascular 
imaging with intravascular ultrasound (IVUS) or optical coher-
ence tomography (OCT) has become a more accurate standard 
for defining the severity of atherosclerosis and luminal dimen-
sions compared to angiography. In the cardiac catheterization 
laboratory, coronary pressure wire‐derived fractional flow reserve 
(FFR) can be used to determine the physiologic significance of a 
coronary stenosis that is distinct from the anatomic visualization 
provided by IVUS or OCT. This method relies on the decrease in 
intra‐arterial pressure induced by a functionally significant ste-
nosis to determine whether an intermediate lesion is producing 
ischemia.

high risk patients and risk stratification
The risk–benefit ratio must be assessed carefully for each patient 
with MVD. The risks of complications from PCI depend on several 
factors, including specific anatomic features of the artery and lesion, 
the overall cardiac and non‐cardiac condition of the patient, and 
the clinical setting.

Risk models can be used to help predict the likelihood of pro-
cedural complication. For example, the Mayo Clinic risk score 
using seven variables (age, MI less than or equal to 24 hours, pre‐
procedural shock, serum creatinine level, left ventricular ejection 

Box 17.1 High‐risk multivessel coronary artery disease patient subsets

Diabetes mellitus
Renal failure
Impaired left ventricular function
Inability to achieve complete revascularization with percutaneous coronary 
intervention
Multiple chronic total occlusions
Left main disease
Three vessel disease
Diffuse disease

Table 17.1 Revascularization strategies in patients with multivessel 
coronary artery disease.

Complete numerical 
revascularization

The number of stenotic vessels must equal the 
number of distal anastomoses applied

Complete anatomic 
revascularization

Unconditional: all stenotic vessels are 
revascularized, irrespective of size and territory 
supplied
Conditional: all stenotic vessels >1.5 mm in 
diameter and ≥50% diameter stenosis are 
revascularized

Complete 
functional 
revascularization

All ischemic myocardial territories are 
reperfused; areas of old infarction with no viable 
myocardium are not required to be reperfused

Complete 
revascularization by 
a predetermined 
scoring cut‐off 
value

Scoring of stenoses in different vessels at 
different locations (weightings may be used). 
The overall extent of disease is a continuous 
variable, the treatment is another variable, 
and the post‐treatment score determines 
completeness of revascularization
Anatomic: irrespective of viable myocardium
Functional: the post‐revascularization score is 
calculated on the basis of the amount of 
remaining myocardium at risk (Jeopardy score)
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fraction, congestive heart failure, and peripheral artery disease) has 
been validated to predict MACE and procedural death with excel-
lent discrimination [2]. The model was robust across many sub-
groups, including those undergoing elective PCI, those with 
diabetes mellitus, and in elderly patients.

Recently, novel scores have been developed to assess the long‐
term impact of PCI. Many of them originate from the pivotal 
SYNTAX score, an anatomic risk model created by merging of dif-
ferent existing angiographic classifications (Table  17.2). The 
SYNTAX score was originally conceived as an instrument to facili-
tate the discussion of interventional cardiologists and surgeons 
about revascularization options for a given left main or MVD 
patient during the so‐called heart team meetings [3]. However, 
limitations of this score have been highlighted over time, which 
include the lack of clinical variables in the score algorithm [4]. The 
recently introduced SYNTAX score II tries to address this limita-
tion (Table  17.2), but no validation of this score in patients with 
MVD is available so far.

Acute coronary syndrome
Patients with ACS frequently present with multiple complex coro-
nary plaques. About 40–60% of patients who presented with acute 
MI have evidence of ulcerated plaques or thrombus in other than 
the infarct‐related artery. Patients with intermediate to high risk 
non‐ST elevation ACS, based on clinical, biomarker, and angio-
graphic assessment, should undergo early revascularization. In this 
scenario, initial incomplete revascularization with PCI of the cul-
prit lesion(s) is frequently preferred with subsequent staged PCI to 
non‐culprit lesions if required. Whether the patient will ultimately 
need surgical bypass or staged PCI should be determined at time of 
initial angiography. If the patient is a surgical candidate, balloon 

angioplasty alone or stents with a early coverage pattern (i.e., bare 
metal stents or certain second‐generation DES) should be used to 
avoid delay to surgery caused by the need for prolonged dual‐anti-
platelet therapy.

In patients with MVD and ST‐elevation MI (STEMI), the con-
ventional strategy for primary PCI is recanalization of the infarct‐
related artery with decisions about PCI of non‐culprit lesions at 
later follow‐up guided by objective evidence of residual ischemia. 
The decision to defer non‐culprit lesion PCI is supported by evi-
dence of possible overestimation of non‐culprit lesion severity in 
the setting of MI due to enhanced vascular tone often resistant to 
nitrate administration. However, with the improvement of PCI 
outcomes, recent s tudies have shown multivessel PCI during 
STEMI to be safe in selected patients compared with treating only 
the infarct‐related artery [5]. Multivessel PCI during STEMI 
should be always considered when the patient remains hemody-
namically unstable after PCI of the infarct‐related artery. This 
can occur if there is more than one  culprit vessel or critical sten-
oses in non‐culprit vessels that supply a significant amount of 
myocardium not collateralized by the infarct‐related artery. 
Potential advantages of multivessel PCI during STEMI include 
decrease in ischemic burden and improvement of left ventricular 
function.

Diabetes mellitus
Diabetic patients with MVD typically have smaller vessel size, 
longer lesion length, and greater plaque burden than non‐diabetic 
patients. These adverse characteristics are associated with acceler-
ated atherosclerosis, high restenosis rates, and less favorable long‐
term survival following PCI than non‐diabetic patients. Most 
trials comparing CABG with PCI in diabetic patients have shown 

Table 17.2 SYNTAX score and SYNTAX‐based model for risk stratification in MVD

Score Components Objective

SYNTAX score Anatomic (angiographic) Assessment of the location, extent, and complexity of coronary 
artery disease

Functional SYNTAX score Anatomic + FFR Similar to the SYNTAX score but calculated only on 
hemodynamically significant lesions

Residual SYNTAX score SYNTAX score
after PCI

A marker of completeness of revascularization by PCI

CABG
SYNTAX score

Residual SYNTAX score after CABG A marker of completeness of revascularization by CABG

SYNTAX Revascularization Index 1‐[rSS/bSS]) × 100 A marker of the proportion of CAD burden treated by PCI

Global Risk Score SYNTAX score + EuroSCORE Developed to improve the predictive power of the SYNTAX score 
by inclusion of clinical variables

Clinical
SYNTAX score

SYNTAX score * ACEF score Developed to improve the predictive power of the SYNTAX score 
by inclusion of clinical variables

Logistic Clinical SYNTAX score SYNTAX score + ACEF Score Developed to improve the predictive power of the SYNTAX score 
by inclusion of clinical variables

SYNTAX score II SYNTAX score + clinical variables Decision making for PCI vs. CABG
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increased long‐term survival with CABG. Based on a recent large 
meta‐analysis, CABG remains the preferred treatment for diabetic 
patients with MVD [6]. Whether the advent of second‐generation 
DES can narrow the gap between PCI and CABG in MVD in 
terms of the need for repeat revascularization remains to be 
demonstrated.

The elderly
Elderly patients have a higher risk profile than younger patients and 
mandate thorough clinical evaluation before acceptance for PCI or 
CABG. The long‐term benefit of PCI in the elderly remains contro-
versial. Culprit lesion PCI for symptom relief may be adequate in 
most patients rather than aiming for complete revascularization 
despite more extensive coronary disease than younger patients.

Left ventricular dysfunction
Left ventricular dysfunction is a major determinant of peri‐procedural 
risk. Complete revascularization of viable myocardium in patients 
with MVD and left ventricular dysfunction is associated with 
improved survival, although this relationship was not significant after 
adjustment for other baseline variables in the post‐hoc analysis of a 
randomized trial [7]. Currently available non‐invasive techniques to 
assess myocardial viability include thallium single photon emission 
computed tomography, dobutamine echocardiography, positron 
emission tomography with 18F‐fluoro‐deoxyglucose, and contrast‐
enhanced magnetic resonance imaging.

Renal dysfunction
Patients with renal dysfunction are at increased risk of developing 
contrast‐induced nephropathy (CIN) and long‐term mortality after 
PCI. The cornerstone of CIN prevention is adequate pre‐hydration. 
In patient at increased risk for CIN, nephrotoxic medications 
should be withheld, renal protective strategies be considered for 
prophylaxis, and low or iso‐osmolar contrast agents should be uti-
lized. A strategy of staging the PCI initially targeting the culprit 
lesion is preferable to minimize contrast volume.

Three vessel disease
Triple vessel PCI is more likely to result in incomplete revasculari-
zation and less favorable outcomes than CABG. However, triple 
vessel disease can be highly heterogeneous. Patients with multifocal 
discrete stenoses are generally amendable to PCI whereas CABG is 
preferable for those with diffuse disease and multiple CTO. The 
SYNTAX score can help to identify those patients with three‐vessel 
disease at lower risk of adverse long‐term prognosis with PCI (i.e., 
those with SYNTAX score <22).

Revascularization in the era of 
drug‐eluting stents
Three randomized trials (CARDIA, SYNTAX, and FREEDOM) 
have compared the outcomes of DES with CABG in patients with 
MVD. The Coronary Artery Revascularization in Diabetes 
(CARDIA) trial was designed to demonstrate non‐inferiority of 
PCI to CABG in diabetic patients with MVD. The trial fell short of 
its planned recruitment, enrolling only 510 patients out of the 
intended 600, meaning that the non‐inferiority parameters set for 
the trial were not reached because of insufficient power [8]. Twelve‐
month results showed no apparent difference between CABG and 
PCI in terms of the composite endpoints of death, non‐fatal MI, 
and non‐fatal stroke (10.5% vs. 13.0%; p = 0.39). Comparing CABG 

with a small subgroup of PCI patients who received DES rather 
than bare metal stents, the composite endpoint of death, non‐fatal 
MI, and non‐fatal stroke was 12.4% vs. 11.6% (p = 0.82) again show-
ing no difference in this composite endpoint.

The SYNergy between percutaneous coronary intervention with 
TAXus and cardiac surgery (SYNTAX) trial was the first rand-
omized controlled trial to compare PCI using a first‐generation 
DES with CABG in patients with left main disease and three‐vessel 
disease. A total of 1800 patients were randomized in a 1 : 1 fashion 
to PCI or CABG. At 5 years, MACCE were 26.9% in the CABG 
group and 37.3% in the PCI group (p <0.0001), driven by signifi-
cant increases in MI and repeat revascularization in the PCI group 
[9]. In the analysis of the cohort of patients with three‐vessel dis-
ease, MACCE at 5 years were significantly higher with PCI than 
CABG (37.5% vs. 24.2%; p <0.001) [10]. PCI was also associated 
with higher rates of all‐cause death, repeat revascularization, and 
the composite of death, stroke or MI, whereas the incidence of 
stroke was similar in the two groups. The risk of MACCE with PCI 
was significantly higher in patients with intermediate and high 
SYNTAX scores, but not in those with low SYNTAX score. The dif-
ferences in MACCE between PCI and CABG were larger in diabetic 
patients. Overall, the SYNTAX trial suggests that CABG should 
remain the standard of care for patients with MVD when compared 
with first‐generation DES, with the possible exception of those with 
less complex anatomy (i.e., low SYNTAX score), where PCI may be 
an acceptable revascularization strategy.

The Future Revascularization Evaluation in Patients with 
Diabetes Mellitus: Optimal Management of Multivessel Disease 
(FREEDOM) study compared PCI and CABG in 1900 diabetic 
patients with MVD. The primary outcome, a composite of death 
from any cause, non‐fatal MI, or non‐fatal stroke, occurred more 
frequently in the PCI group (p = 0.005), with 5‐year rates of 26.6% 
in the PCI group and 18.7% in the CABG group [11]. The benefit of 
CABG was driven by differences in rates of both MI and death from 
any cause, while stroke was more frequent with CABG.

Medical therapy
Patients with MVD have diffuse disease and progression of 
untreated plaques. Multiple stents only treat focal areas of most sig-
nificant stenosis. Untreated vulnerable plaques could potentially 
develop into culprit lesions over time. Aggressive medical therapy 
with risk factor modification and lipid lowering is essential.

Conclusions
Patients with MVD comprise the majority of those undergoing PCI 
today and will likely remain so. With improved techniques, stents, 
and adjunctive drugs, short‐ and medium‐term outcomes after PCI 
have improved significantly. However, based on the results of con-
temporary trials, CABG remains the standard of care for most of 
the patients with MVD and those with diabetes in particular.

If long‐term outcomes after second‐generation DES prove to be 
comparable with CABG, PCI may become the preferred revascu-
larization strategy for many patients. The role of PCI in patients 
with multivessel disease will depend both on the patient’s anatomy 
and the clinical setting in which the revascularization is planned. 
For each patient, the risk–benefit ratio should be examined, and 
risk scores can be helpful for decision‐making. A PCI procedure 
should be performed only after considering all therapeutic options 
and their short‐ and long‐term outcomes.
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Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Coronary chronic total occlusions (CTO) make up 18% of all 
 significant coronary lesions observed during diagnostic angiogra-
phy, as demonstrated recently in a cohort study of 14,400 angiogra-
phies from three Canadian centers [1]. The term “chronic coronary 
occlusion” had not been rigidly defined in recent years regarding 
the duration of the occlusion, and whether the inclusion was com-
plete (TIMI 0 flow) or functional (TIMI I).

In order to find common ground for future development and dis-
cussion of technique and patient outcome, a consensus was reached 
by an European experts group which has now been accepted as the 
uniform definition of chronic total coronary occlusions as those 
with a documented duration of occlusion of at least 3 months, with 
absolutely no flow through the lesion itself (TIMI 0 flow) [2]. 
Occlusions within 1–3 months’ duration should be addressed as 
recent occlusions, and within a period of 4 weeks after an acute 
myocardial infarction, as subacute occlusions (e.g., lesions that 
were included in the Occluded Artery Trial [3].

Morphology of the occlusion
Another important characteristic of a CTO is the length of the 
actually occluded segment. This can only be assessed through 
simultaneous visualization of the proximal (ipsilateral) segment 
and the distal segment through collateral filling. As the majority of 
collaterals originate from the contralateral artery, this requires 
double injection with the contrast injection started first in the 
 contralateral donor artery, then followed by the injection into the 
occluded artery.

For the interventional strategy of entering, passing, and leaving the 
occluded segment, the basic pathoanatomic features of a CTO have to 
be kept in mind (Figure 18.1). We discriminate a proximal cap of the 
occlusion, which is often fibrotic or calcified and can provide consid-
erable resistance to the wire advancement. Then along the occlusion 
length follows a segment of loose fibrous tissue or organized throm-
bus. Especially in long‐standing occlusions, it may include islets of 
calcifications, which provide an obstacle to the advancement of the 
wire through this part of the occlusion until the distal cap is encoun-
tered. The resistance of the distal cap is usually lower than the 
 proximal cap, presumably because of the lower pressure of about 
30–40 mmHg existing in this collateralized segment of the occluded 

artery [4]. The segment distal to the occlusion is often tapered and 
constricted and provides a small target for the distal wire entry.

A few pathologic studies carried out more than 15 years ago in 
small number of patients, often with functional occlusions, reported 
a considerable number of residual channels and also so called micro-
channels (diameter <200 µm) within the occlusion [5,6]. However, a 
recent pathohistologic study in a larger number of patients provided 
evidence that microchannels are not a typical feature of CTOs; 
instead negative remodeling is frequently observed [7].

Indications for treatment
The CTO is a unique set of lesions with regard to the complexity of 
the required interventional technique, but also with regard to the 
discordant view on the indication to treat these lesions. The latter is 
reflected by the low representation of CTOs among lesions treated 
by percutaneous coronary intervention (PCI) [1], while on the 
other hand, the presence of a CTO appears to bear a specific 
 additional prognostic risk if left untreated [8–10]. Patients with a 
CTO sometimes present with stable angina pectoris, but especially 
exercise limitation and dyspnea are more prevalent than in non‐
occlusive lesions [11].

Sometimes, CTOs are detected when other coronary lesions pro-
gress and lead to unstable angina. Patients with acute coronary syn-
drome and ST‐elevation infarct are at particularly high risk if the 
collateral supplying artery is involved in an acute myocardial infarction 
as the territory at risk is larger than with a single acute occlusion [12].

A limitation to accept CTOs as a unanimous target for PCI is the 
lack of a randomized study to answer this issue. However, the 
wealth of data from prospective registries and meta‐analyses 
already provide considerable evidence to treat CTOs [13,14]. The 
indication is based on three basic goals:
1 To relieve exercise limiting symptoms of angina or dyspnea, 

especially in patients with preserved left ventricular (LV) func-
tion, or to resolve ischemia caused by the CTO, similar to the 
indication in stable angina caused by non‐occlusive lesions;

2 To improve regional LV dysfunction in the territory of the 
occluded artery, provided there is residual viability; the latter can 
nowadays be readily assessed by magnetic resonance imaging 
with late contrast enhancement [15,16];
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3 To achieve complete revascularization in patients with multivessel 
coronary artery disease, as leaving a CTO untreated affects the 
outcome in these patients, as demonstrated by the post hoc anal-
ysis of the SYNTAX trial and other subanalysis [10].

An indispensable prerequisite to opening a CTO is the presence of 
collaterals to supply the distal occluded segment. In the absence 
of collaterals, no viable myocardium would have survived. On the 
other hand, physiologic assessment of collateral function demon-
strated that even angiographically well‐developed collaterals 
are not sufficient to prevent ischemia and cannot be an excuse for 
not revascularizing a CTO [17,18]. The fractional flow reserve 
 measured distal to an occlusion before actually opening it is about 
0.4, which is well below the level of 0.8 uniformly accepted as 
threshold for interventional treatment in non‐occlusive lesions (see 
Chapter 6).

Patients with a concomitant CTO and an acute coronary syn-
drome caused by a non‐occlusive lesion should be treated for this 
culprit lesion first, before considering the recanalization of a CTO. 
In stable patients, however, complete revascularization should be 
the ultimate goal. Therefore, a staged PCI approach should start 
with the CTO first, especially as lesions in the collateral supplying 
artery would be treated at increased risk if the CTO were not treated 
[19]. If the CTO procedure fails, the patient can still be referred for 
coronary artery bypass graft (CABG) surgery for complete revascu-
larization [10].

Basic rules of engagement
To cross a CTO we need to visualize the distal segment in order to 
direct our guidewire progress, and we often need to resort to more 
rigid wires than in non‐occlusive lesions. The latter go along with a 
potential damage of the arterial wall, deviation into the subintimal 
vascular space, or even perforation toward the pericardium, which 
requires special emphasis on control of the wire position during 
each and every step of wire advancement (Figure 18.2).

The absolute prerequisite for a CTO procedure is to reduce risk 
and avoid complications. The indication is a mere symptomatic 
one, as prognostic considerations are not backed by randomized 
trials. Therefore the CTO procedure should not harm the patient in 
any way, and the first rule of engagement is to always be absolutely 
sure where the tip of the wire is positioned. A second sheath 
for  injection of contrast to visualize the collateral filling from the 

 contralateral artery is therefore always mandatory except in those 
cases where a coronary occlusion is approached, and there is col-
lateral filling from ipsilateral branches. However, the most frequent 
occlusion, the right coronary and the left anterior descending 
(LAD) artery, usually require such a double injection. For a regular 
antegrade recanalization approach it is often sufficient to use a 
small diagnostic sheath (4 or 5 Fr) for the contralateral visualization 
to save on contrast volume, but if visualization is poor, larger cath-
eter sizes should be chosen.

The second rule of engagement is to provide optimum backup 
for the procedure. Even if a wire can be passed rather effortlessly, 
the passage of balloons and stents can fail because of lack of 
backup. Especially for the right coronary artery, the regular JR 
guide may not provide adequate support, and an AL1 is generally 
preferred. However, there is a balance to be made between catheter 
size and shape, and this requires careful planning right at the start 
of the  procedure. A large diameter such as 8 Fr (preferred by 
Japanese operators) will provide enforced support even with less 
aggressive shapes, and it provides ample working space for com-
plex techniques using double wires with microcatheters, double 
balloons, and so on. The large diameter is also recommended 
when a subintimal re‐entry approach might be necessary using 
special devices (Stingray re‐entry balloon and wire). A large diam-
eter with less aggressive shape is especially important for proximal 
or ostial occlusions, where deep guide engagement is not possible 
or counterproductive. In non‐ostial lesions, a smaller guide size of 
6 Fr will require deeper engagement for adequate support. The 
predominantly used catheter size in Europe is 7 Fr, which provides 
proper support and working lumen. It is important to always use 
catheters with side holes, especially for the right coronary artery, 
to avoid local dissections during contrast injection into the 
occluded proximal artery, and to avoid hypoperfusion of proximal 
side branches.

For the left coronary artery (LCA), the guide catheter has to be 
selected according to the length of the left main artery, and the 
angle of take off of the occluded artery. For LAD occlusions an extra 
backup shape provides the ideal support, while occasionally the 
classic AL2 or 3 may be ideal for proximal circumflex occlusions.

The third rule of engagement is to advance guidewires with the 
support of a microcatheter, to start with soft wires in order not to 
damage the proximal arterial segments with aggressive rigid wires. 
For example, a sharp‐angled take off from the LCA may require 

(a) (b) (c)

Figure 18.1 The basic features of a chronic total coronary occlusion (a and b) and the technical steps of recanalization (c).
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soft  hydrophilic wires to negotiate it, whereas the required angle 
and the wire stiffness will be inadequate for the actual occlusion. 
The advancement of a microcatheter through the difficult proximal 
angulation will be almost always possible, and once positioned at 
the proximal end of the CTO, the soft wire can be exchanged for a 
dedicated recanalization wire (Figure 18.3).

Guidewire selection and handling
Guidewire selection incorporates a great deal of personal prefer-
ence and operator experience [20,21]. In general, however, one can 
discriminate and advise on the use of the two basic guidewire 
 features—hydrophilic PTFE wires and metal wires—which have 
hydrophilic coating to various extents.

There is not a single wire that serves all lesions and all circum-
stances, and a familiarity with several wires from each family is 
mandatory. For CTO procedures, two features of a guidewire are of 
utmost importance: tip stiffness and torque control. Wires can be 
used in incremental fashion with increasing tip stiffness when the 
previous wire encounters resistance. Torque control is a major fea-
ture of dedicated CTO wires in order to facilitate maneuvering of 
the wire in long resistive lesions.

While wire development was a gradual and slow process for many 
years, now an ever‐wider and improved variety of guidewires have 
become available which have led to changes in wire selection and 
preference over the past 5 years. Wire selection depends on the 
planned approach to the occlusion, which is determined by the angi-
ographic features of the lesion. Basically, three technical approaches 

(a) (b)

(c) (d)

Figure 18.2 Bilateral contrast injection is essential for control of the wire position and advancement and direction. Proximal right coronary artery 
(RCA) occlusion (a) with recanalization wire in a posterolateral side branch (b, arrows). Proximal RCA occlusion (c) with recanalization wire 
outside of the distal vessel lumen (d, arrow).
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are discriminated; drilling, penetrating, and sliding techniques. 
Some wires suit one of these categories best, but basically, each wire 
can be manipulated to work in one of these basic modes. A wire can 
be selected to “test” the proximal cap, but often needs to be changed 
during the procedure. Flexibility in wire selection is required 
throughout the whole procedure.

The tip shape is the first and basic step of wire manipulation, and 
often requires modification during the progress of the procedure. In 
non‐occlusive lesions a basic rule of thumb is to adapt the radius of 
the tip angle to the size of the artery in which the wire is to be 
advanced. A major difference with tip shapes in CTOs is that the ves-
sel diameter at the lesion site is practically zero, because it is occluded. 
Therefore the length of the proximal tip angle should be as short as 
possible with a moderate 30–45° angle. Within the occlusion, no sec-
ondary angle is added. Most recent wires are even shipped with pre-
formed tiny preshaped tips of less than 1 mm length.

A detailed description of how to select wires would go beyond 
the scope of this chapter, and, most importantly, would be outdated 
before its publication given the current speed of wire development, 
but the following remarks give a brief idea of the criteria and 
sequence of wire selection.

Occlusions with a distinct entry point
Depending on the resistance of the proximal cap, which may be 
deduced from information on the duration of the occlusion or vis-
ible calcification, the wire can be selected accordingly (Figure 18.3). 
For presumably soft plaques (CTO <1 year) a Fielder XT could be 
selected, or a Gaia 1. For more resistant occlusions, a Gaia 2 might 
work as primary wire, or an Ultimate 3. The Fielder XT (more 
recently XT‐A) is a tapered low tip force wire, the tapered Gaia 

wires have higher tip force with high torque control, and the 
Ultimate has a tip diameter like normal workhorse wires of 0.014 
inch. Wire manipulation is improved by advancing the microcath-
eter about 1 cm close to the wire tip. The wire is carefully rotated 
and advanced mainly by observing the fluoroscopic image, less so 
according to tactile feedback.

Occlusions without any discernible entry point
These occur typically at the site of side branches (Figure  18.4). 
Penetration requires tapered tip wires such as the Confianza Pro 9 
and 12 g wire with 0.009 inch tip diameter, or the Progress 140 T or 
200 T. The recently available Gaia 2 and 3 are also ideal wires for 
penetrating the proximal cap; however, with calcified caps the 
Confianza wires are preferable. Penetration into the subintimal ves-
sel space can occur and therefore requires careful monitoring and 
control of the wire approach.

Occlusions with suspected residual lumen
The sliding technique rests on the low friction advancement of PTFE 
wires and is ideal for occlusions with suspected residual lumen 
(Figure 18.5). These wires are widely (over)used, as they promise a 
fast approach because of the low friction, but they are poorly steerable 
and will easily leave the vessel lumen. Typical wires of this type are the 
Pilot family wires. Recently, low tip force wires became available like 
the Fielder XTR, which is ideal for atraumatic probing of residual 
channels. The Pilot wire, if used gently and carefully, will also be suc-
cessful in crossing even difficult‐looking occlusions (Figure  18.6). 
High tip force Pilot wires can also be used in in‐stent CTOs.

No single technique serves all lesions, and all approaches should 
be utilized and combined as required.

(a) (b)

(c) (d)

Figure 18.3 Proximal left anterior descending (LAD) occlusion with tapered entry (a). The tip shape for entering the LAD is different from what 
is required for navigation within the occlusion. After advancing a soft wire into the LAD, a microcatheter (b, arrow tip) is advanced, and the wire 
exchanged with a different tip shape. Further advancement is controlled by bilateral contrast injection in two planes (c and d).
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(a) (b)

Figure 18.4 Proximal RCA occlusion with two side branches (a). Perforation of the proximal cap is required with a Confianza wire (b arrow).

(a) (b) (c) (d)

Figure 18.5 (a) Proximal RCA occlusion with a long intracoronary channel (spontaneous secondary recanalization). A Whisper LS wire is gently 
advanced and successfully reaches the distal vessel lumen (b and c), and the procedure is concluded successfully (d).

(a) (b) (c) (d)

Figure 18.6 A proximal RCA occlusion with sidebranch and no visible entry (a). Still, a Pilot 50 wire can be successfully advanced gently (b) and 
reaches the distal vessel (c and d) as confirmed by contrast staining around the wire.
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advanced antegrade recanalization 
techniques
The basic approach is to advance a single wire gently with just 
enough force for slow advancement. The tip of the wire gives tactile 
feedback to the experienced operator about the intravascular posi-
tion; however, this is not always reliable. Wire advancement requires 
fluoroscopic checking by monitoring in at least two orthogonal pro-
jections and occasional contralateral contrast injections. Not infre-
quently, the first wire enters the subintimal space, which is 
recognized by missing the distal entry of the occlusion outside of 
the contrast‐filled lumen. A decision then needs to be made either 
to proceed with wire manipulation or switch to a subintimal re‐
entry approach. This decision is based on familiarity with the tech-
nique, and anatomic features of the distal cap.

If a wire‐based approach is used, then the first wire can be used as 
a helpful guide to the general direction of the vessel course and can 
enable the manipulation of a second parallel wire slightly deviating 
from the initial course to successfully enter the distal lumen. This is 
the parallel wire technique (Figure 18.7). Often, the first wire is a 
moderately stiff wire and the second wire is of increased stiffness, 
but a tapered wire (e.g., Gaia 2 or Confianza Pro). This technique can 
be accommodated by modern 6 Fr guide catheters. However, if both 
wires are supported by a microcatheter or over‐the‐wire balloon (the 
see‐saw technique), a larger diameter of 7 or 8 Fr is required [22]. If 
necessary a third wire can even be introduced.

The main issue with the multiple wire approach is not to advance 
the primary wire within the false lumen far beyond the distal entry 
point in order to avoid a subintimal hematoma that might obstruct 
the distal entry and make the manipulation of a second wire diffi-
cult or even impossible because of loss of contrast filling of the 
compressed distal lumen.

The deviation of the primary wire from the true vessel lumen can 
occur at any point during advancement, but it often happens at the 

entry into the proximal cap. A refined technique to control this and 
modify the entry point is by use of intravascular ultrasound (IVUS). 
An IVUS probe is advanced, after purposeful dilatation of the 
wrong channel, into this false lumen, and under IVUS imaging and 
orientation of the relative wire positions and the IVUS catheter on 
fluoroscopy, a wire can be redirected into the true lumen [23].

Sometimes, when an occlusion includes several side branches, 
the wire can be directed only in one of the secondary branches. If 
this cannot be controlled after some effort, it may be prudent to 
dilate the occlusion toward this side branch with a small‐sized 
 balloon. Not infrequently, this maneuver then provides easy access 
to the other occluded branches: termed the sesame open approach. 
In these situations, where the operator wants to access another 
branch at often acute angles, the use of a dual‐lumen microcatheter 
(TwinPass, Crusade) is helpful, with an over‐the‐wire lumen ending 
at a distal side port [24].

In situations where the direction of the guidewire advancement 
is defined, but the wire will simply not penetrate the intended seg-
ment, the support of the wire needs enhancement. This can be 
achieved by inflating an over‐the‐wire balloon proximal to the 
occlusion, or by using other enhancements of guide support such as 
the anchoring balloon technique or the Guideliner or Guidezilla 
guide extension catheters.

antegrade dissection and re‐entry
A frequent situation during the course of antegrade wire manipula-
tion is the subintimal wire position. Antegrade dissection and re‐
entry techniques aim to cross the occluded vessel segment through 
the more compliant subintimal space, followed by re‐entry into the 
distal true lumen. Antegrade dissection can be achieved using a 
“knuckled” guidewire (usually a polymer‐jacketed guidewire) 
(STAR [25], mini‐STAR [26]), but the reliability of the wire re‐entry 

(a) (b) (c)

Figure 18.7 Typical example of the advantage of parallel wiring: the first wire Gaia 2 misses the distal target to the right (a, arrow), and a 
second Gaia 2 in parallel misses the target initially to the left (b, arrow tip); finally the first wire is redirected to enter the distal lumen (c, arrow), 
which was confirmed in a second plane.
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is not controllable. With the advent of the dedicated BridgePoint 
re‐entry device (Boston Scientific; Natick, MA, USA), a more reli-
able re‐entry can be achieved. It consists of the CrossBoss catheter, 
a metal catheter with a 1‐mm distal atraumatic tip that is advanced 
with a rapid‐spin technique to provide either a passage through the 
occlusion or a passage into the subintimal space. In the latter case, 
re‐entry can then be achieved with the Stingray system. The 
Stingray balloon has a flat shape with two side exit ports, and self‐
orients so that one exit port faces the true lumen and the other faces 
the adventitia upon low‐pressure inflation (2–4 atm) [27]. The 
Stingray guidewire is a stiff (12 g) guidewire with a 0.009 inch 
tapered tip which is advanced through the side port of the Stingray 
balloon facing the distal true lumen under fluoroscopic guidance 

until it re‐enters the true lumen (Figure 18.8) [28,29]. The length of 
the dissection should be minimized [30], as extensive dissection–
re‐entry techniques have been associated with high restenosis and 
re‐occlusion rates [31,32].

retrograde approach
The success rate of conventional and advanced wire techniques has 
been increased by wires with improved torque control. However, 
there remain limitations in long and calcified occlusions, and in 
those with inadequate guide catheter support. Often it is difficult to 
determine the entry into the occlusion, and therefore alternative 
approaches are desirable. The retrograde approach provides such 

(a)

(c)

(c1)

(c2)

(d) (e)

(b)

Figure 18.8 Long occlusion of the left circumflex artery (a; between arrows) with collateral supply from the contralateral right artery, and also 
from epicardial diagonal branches. Initial attempt with parallel wire technique, both wires below or above the distal target (arrow head) in LAO 
projection (b). The StingRay catheter with two radiopaque dot markers (arrow heads) is advanced into the subintimal space below the distal 
collateral‐filled target (c; arrow). The StingRay balloon is inflated and appears as parallel lines in the RAO projection (c1) and single line in LAO 
projection (c2). The single line indicates, that we look from the side on the catheter, with one side port exiting on top, one below. The StingRay 
wire is then directed toward the side port, that points toward the target (d; arrow), and exits in this example at the proximal side port before the 
two markers (arrow). The catheter is then exchanged for a microcatheter, then advanced into the true distal lumen, and a soft wire exchanged 
for the StingRay wire. The final result after stenting of this limited subintimal re‐entry (e).
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an enhancement of technical means by taking the reverse route of 
occlusion passage from the distal to the proximal cap. As the distal 
cap is often softer than the proximal cap, the advancement of the 
wire may be easier than from the antegrade approach. This can be 
achieved via a patent bypass graft, but as this is a rare coincidence, 
the retrograde approach via collateral connections is the most fre-
quent means of access as developed by Dr. Osamu Katoh [33–35]. 
In principle, several pathways can be used, but the septal connec-
tions are those best approached causing the least danger to the 
patient in case of collateral damage. Ideally, small trans‐septal 
thread‐like collateral connections (CC1 collateral connections [36]) 
should be used for the approach to either the occluded right 
coronary artery or LAD. This approach should be used only after 
extensive experience with the antegrade approach and so is only 
briefly mentioned and described here (Figure 18.9).

The rapid development of wires to cross the collaterals and 
devices to support this approach (microcatheters) have made it 
more easily applicable than 5 years ago. In principle, either the ret-
rograde wire is used as a marker for the antegrade approach, or the 
retrograde wire is advanced through the occlusion into the proxi-
mal artery and into the antegrade guiding catheter. The first 
approach is still valid, especially to save contrast medium, but the 
latter retrograde passage is the most frequently applied technique. 
Depending on whether the wire passes through the lumen (true 
lumen crossing) or deviates into the plaque wall, passage needs to 
be facilitated by inflating a balloon over an antegrade wire (reverse 
CART technique) [37].

The retrograde approach proceeds by means of very structured 
steps, but it requires in all cases, except for an ostial occlusion, the 
positioning of an antegrade wire into the body of the occlusion. 
This can be done as a first step, or needs to be done after collateral 
passage. The steps are as follows:
1 Selection and passage of the collateral, now achieved in the 

majority of cases with a soft and atraumatic Sion wire; even epi-
cardial collateral connections can now be successfully passed. 
The main obstacle remains the tortuosity of the collateral path.

2 After reaching the vessel distal to the occlusion a microcatheter 
is advanced through the collateral (Corsair) which dilates the 

collaterals and serves as an extension of the guide catheter. In 
epicardial tortuous connections, a Finecross or similar micro-
catheter is preferred.

3 Exchange the microcatheter for a wire to pass the occlusion. Here 
often softer wires than for the antegrade approach can be used, but 
basically wires are used as required. The goal is to achieve either a 
passage through the occlusion or at least a long zone of overlap 
with the antegrade wire. If no passage is possible, then the CART 
maneuver is applied with antegrade balloon inflations to open the 
space for passing the retrograde wire into the proximal true lumen.

4 The wire then is advanced into the guiding catheter or an exten-
sion of the guiding catheter (GuideLiner, Guidezilla [38]), fol-
lowed by the microcatheter. The retrograde wire is then exchanged 
for a >300 cm wire to enable externalization of this wire from the 
antegrade Y‐connector.

Thus, a wire is provided that extends via the collateral through the 
occlusion and provides ideal support to perform the final steps of 
dilatation and stent placement. The collaterals need to remain 
 protected from this wire by the microcatheter, which is retracted 
into the artery distal to the occlusion. Before finally removing the 
collateral “gear,” a contrast injection ensures the integrity of the 
passed collateral.

hybrid approach for intervention 
of chronic total occlusions
In the USA, the “hybrid” approach had been promoted as a means 
to structure the approach to CTOs as an algorithm based on four 
CTO angiographic features obtained using dual injection: (i) proxi-
mal cap ambiguity; (ii) lesion length; (iii) quality of the distal vessel; 
and (iv) presence of collateral vessels that are appropriate for the 
retrograde approach [39]. When the proximal cap is ambiguous or 
the distal target vessel is diffusely diseased, a primary retrograde 
approach is favored. Otherwise, an antegrade approach is initially 
pursued using guidewire escalation for short (<20 mm in length) 
lesions, and a primary antegrade dissection strategy for longer 
(≥20 mm) lesions. Early change in crossing strategy is recom-
mended if the initially selected approach fails to achieve progress.

(a) (b) (c)

Figure 18.9 A proximal RCA occlusion in a post coronary artery bypass graft (CABG) patient, which was tried twice before antegradely (a), but 
could not be crossed with successful distal re‐entry. A retrograde approach is chosen (b) and a wire passed through a septal perforator into the 
posterior descending artery (b; arrow heads) and then advanced toward the distal cap of the occlusion. The recanalization was completed with 
the reverse CART technique at the point where the wire overlap (b; arrow), and then followed by stent placement (c).
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Balloon dilatation
After the guidewire is successfully advanced across the occlusion, 
and most importantly, its correct intravascular position checked in 
at least two orthogonal views with a contralateral injection, a bal-
loon needs to be advanced. This is facilitated by modern low‐profile 
balloons with diameters down to 1–1.25 mm to be followed by an 
adequately sized balloon [21].

There are several techniques available to increase support if even a 
small balloon cannot be advanced [40,41]. They are intended to 
improve and stabilize the guide catheter position in the ostium. In 
some instances with heavily calcified lesions a rotablator is required; 
however, it can be extremely difficult to exchange the recanalization 
wire for the delicate 0.010 inch rotablator guidewire. This can be 
achieved with the aid of a support catheter, which is advanced as far as 
possible into the occlusion. If this can be achieved, a small rotablator 
burr is used. Another device useful in this situation is a laser catheter, 
but because of high hardware costs and limited applications these 
devices are rarely found in catheterization laboratories [42]. A device 
that can help in achieving the initial headway through the occlusion is 
the Tornus support catheter (ASAHI Intec Inc.) which can be screwed 
across the occlusion once a guidewire is in position [43].

Deciding the appropriate balloon size for the subsequent full 
lesion dilatation can be difficult. Therefore, nitroglycerine is fre-
quently given intracoronary to increase the distal vessel size which 
is always constricted after the recanalization [44,45].

Stent placement
The advent of the drug‐eluting stent reduced the target vessel fail-
ure rate considerably into ranges that are comparable with non‐
occlusive lesions [46,47]. The need for long and multiple stents no 
longer appears to have a considerable impact on vessel patency, 
although the issue of long‐term freedom from very late stent throm-
bosis is not yet established in this specific lesion subset. When com-
paring previous and present results of stents in CTOs it needs to be 
kept in mind that parallel to the introduction of DES the complexity 
of CTOs successfully recanalized tended to increase in dedicated 
centers with improved techniques.

When planning stent coverage after balloon dilatation of a CTO, 
liberal coverage and maximizing stent expansion is advantageous to 
avoid focal restenosis at the edges of the stent when they are 
implanted within severely atherosclerotic segments, and to reduce 
flow turbulence to avoid stent thrombosis. However, extensive 
stenting can lead to stent fractures, which was observed in first gen-
eration DES, but is still a problem in more recent DES [48]. All 
available data show that the frequently diffuse and often occlusive 
restenosis in bare metal stents changed with DES to predominantly 
focal restenosis at the edge or within the stent, which can be treated 
by focal stenting.

The future perhaps lies with bioabsorbable scaffolds, and initial 
experience appears promising, but it remains to be established 
whether a full‐metal jacket can and should be replaced with a full‐
plastic jacket after complex recanalization procedures especially of 
the right coronary artery.

Intravascular ultrasound in CTOs
IVUS can be of use during several steps of the interventional 
 process. As an advanced adjunctive technique requiring considera-
ble expertise and experience, it can be used to locate the entry into 
an occlusion if a side branch takes off right at the proximal cap and 

the IVUS can be positioned at the take off of this side branch. If the 
guidewire is advanced into the subintimal space, an IVUS catheter 
advanced into this false space can help with re‐entering the true 
lumen [20].

With increasing use of the retrograde approach, IVUS is used to 
identify the wire position of the antegrade and retrograde wire with 
respect to lumen and subintimal space, and to assist in decision 
making as to the most appropriate technique [20,49]. Where IVUS 
is of general advantage, even with less experience in the abovemen-
tioned fields, is the assessment of stent placement and optimal stent 
expansion [50,51]. Diffuse atherosclerosis makes it difficult to place 
the proximal and distal stent borders within a less diseased segment 
to avoid edge stenosis, and to expand the stent fully because of 
underestimation of the actual media to media vessel diameter. Full 
lesion coverage and expansion are key factors to obtain long‐term 
success in these lesions.

When to stop a procedure
The important question arises, if a procedure appears not to be 
achieving success, as to when to stop, either to opt for a subsequent 
second attempt, which is sometimes a feasible choice, or to opt for 
alternative methods like surgical revascularization. There may be 
technical reasons to stop the procedure, and also safety aspects. 
From the outset it must be clear that a recanalization requires con-
siderable laboratory time, typically 90–120 minutes, but can extend 
well beyond these limits. Therefore, a sufficient time slot must be 
reserved to avoid the abortion of a potentially successful procedure 
because of logistic reasons.

There are three main reasons to stop the procedure.
1 To avoid radiation damage [52,53]. Fluoroscopy time will run 

typically into 40–60 minutes, sometimes even longer. To avoid 
radiation damage to the patient’s skin low radiation dose protocols 
should be applied, the fluoro pulse rate reduced, and fluoro image 
storage preferred to filming whenever possible. From the start of 
the procedure, radiation should be at a minimum. Angulation 
must be changed and adjusted frequently to avoid a single spot 
high radiation load [54].

2 To avoid contrast‐induced nephropathy [55,56]. The maximum 
amount of contrast for each individual patient should be set 
before the start of the procedure with reference to the patient’s 
age and kidney function. Contrast use can be reduced by using 
the retrograde marker wire technique to avoid repetitive  contrast 
injections during wire manipulation, and by using IVUS to 
assess the vessel instead of contrast agent. Additional technical 
devices are also available and can be used in critical patients 
(see Chapter 27).

3 The procedure should be stopped if complications occur that can-
not be easily managed, or the strategy fails, with no alternative plan. 
In general, a second attempt after 4–6 weeks can be attempted if 
there are viable alternative options for a successful conclusion [21].

Complications
The published data show no difference in complication rates between 
occlusive and non‐occlusive lesions, but these comparisons were not 
made with advanced techniques and new dedicated guidewires 
[57,58]. A recent meta‐analysis gives an estimate of typical CTO 
complications such as perforation and tamponade, but other compli-
cations seem to be underestimated, as radiation damage and con-
trast‐induced nephropathy especially were not regularly reported in 
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previous studies [59]. More recent data show that the retrograde 
approach seems to be safe with only moderately higher risk regard-
ing perforations [60,61]. In view of the often disputed indication for 
CTO PCI, and the viable option of surgical revascularization, the 
interventional procedure must be undertaken safely.

To avoid the complication of vessel perforation every care has to 
be taken to recognize and correct false wire positions, and never 
following these wires with balloons without absolute certainty of 
the correct intraluminal wire position. Dissections and perforations 
can lead to contrast staining of the myocardium, which is not neces-
sarily a reason to stop the procedure so long as it does not compro-
mise the collateral vessel supply.

The wire can also leave the lumen once it has passed the occlu-
sion and is positioned distally. The stiff wires can easily damage the 
distal vessel lumen when they are left in place during the balloon 
and stent procedure. Therefore, the distal wire tip should be always 
kept in view, and very stiff wires should be exchanged for regular 
guidewires with soft tips as soon as possible, for example after the 
first balloon dilatation.

However, as vessel damage and pericardial effusion is an intrinsic 
risk, a basic rule is to avoid any other anticoagulant than heparin 
during the procedure, which can be readily reversed by protamine 
sulfate. There are also no data to support the use of gycoprotein IIb/
IIIa antagonists in CTOs.

The operator needs to be experienced in placing a pericardial 
drain if needed, but often this can be avoided by rapidly obstructing 
the leakage with a balloon inflated for several (more than 10) min-
utes to seal the damage. If this does not work, negative pressure 
suction on a microcatheter advanced far into the distal vessel helps, 
or thrombus injection through this microcatheter. The problem will 
be difficult to control if the leakage is fed not only by the antegrade 
course, but also via collaterals. If the sources of the leakage cannot 
be sealed, for example by the use of coils, removal of the coronary 
gear and then reversal of heparin anticoagulation with protamine 
sulfate and a pericardial drainage for some time is the only option, 
and in case of continuing effusion a surgical repair.

Other complications observed are inflicted on neighboring ves-
sels during the approach toward the occlusion. Here particular care 
is required as damage with partial vessel occlusion can put the 
patient at severe risk as one artery is already chronically occluded. 
Stiff wires should not be advanced through the left main artery 
across angles to avoid such damage, and should rather be advanced 
through over‐the‐wire catheters, which are put into position with 
the help of regular floppy guidewires.

New types of complications occur through the application of the 
retrograde wire technique. Particular care and foresight is required 
not to use the singular principal supplying collateral as any damage 
would immediately lead to severe ischemia. Furthermore, epicar-
dial and specifically apical collateral connections are prone to dam-
age and may even be ruptured, leading to a life‐threatening acute 
tamponade. On the other hand, damage inflicted within the trans‐
septal pathway is rarely severe and resolves without sequelae. These 
advanced techniques should only be carried out by the most expe-
rienced operators after extensive experience in safe application of 
conventional and advanced antegrade wire techniques.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Coronary artery bypass graft (CABG) surgery was introduced in 
the 1960s and is an effective technique to treat coronary artery 
 disease [1]. In CABG, coronary stenoses or occlusions are bypassed 
using arterial (most commonly the left internal mammary artery; 
LIMA) or venous conduits (most commonly the greater saphenous 
vein). In recent years, the number of CABG surgeries has been in 
decline as a result of technical advances in percutaneous coronary 
intervention (PCI) which is now the most commonly used coro
nary revascularization technique [2]. However, even in the era of 
PCI with drug‐eluting stents (DES) and dual antiplatelet therapy 
(DAPT), CABG surgery is associated with improved 5‐year clinical 
outcomes, with the most outspoken benefit in patients with diabe
tes mellitus and complex coronary artery disease [3–5]. Nonetheless, 
long‐term results of CABG surgery are limited by gradual progres
sion of coronary artery disease in the native vessels but also by 
gradual failure of bypass conduits [6]. Therefore, patients who 
underwent CABG surgery may require secondary revasculariza
tion. This chapter provides an overview of the challenges of PCI in 
patients with failing arterial or venous bypass grafts.

Scope of the problem
Secondary revascularization after previous bypass surgery is 
not  uncommon. For example, in the contemporary Synergy 
Between Percutaneous Coronary Intervention with Taxus and 
Cardiac Surgery (SYNTAX) trial, repeat revascularization had 
occurred in 13.7% of patients undergoing CABG surgery afer 
5 years’ follow‐up [5]. In the SYNTAX trial, 1800 patients with 
multivessel coronary artery disease were randomized to treatment 
with CABG surgery using state‐of‐the‐art techniques using arte
rial grafts where possible, or PCI with TAXUS paclitaxel‐eluting 
stents (Boston Scientific, Natick, MA, USA) [7]. An analysis from 
the US National Cardiovascular Data Registry (NCDR) reported 
that between 2004 and 2009 17.5% of all PCI procedures (300,902 
of 1,721,046) were performed with patients who had previously 
undergone CABG surgery [8].

The etiology of graft failure after CABG surgery is different 
depending on its timing. Graft occlusion of venous conduits within 
the first year after CABG surgery occurs in approximately 3–10% of 

patients in contemporary trials and registries and aspirin has been 
useful in diminishing this problem [7,9,10]. This is mostly caused 
by surgical problems such as kinking due to excessive graft length, 
pre‐existing pathology in the vein graft, poor flow distal to the 
anastomosis resulting in acute postoperative failure, or as a response 
to vascular injury analogous to vascular injury after PCI. Late fail
ure of bypass graft conduits results from attrition of saphenous vein 
grafts (SVGs) and/or progression of atherosclerotic disease in the 
native coronary arteries.

Arterial conduits are superior to venous conduits in terms of 
long‐term graft patency. A study in 1254 patients who underwent 
CABG surgery reported 10‐year patency rates of 61% for SVGs and 
85% for internal mammary artery (IMA) grafts. Recent evidence 
from a meta‐analysis comparing bilateral IMA and single IMA 
grafting showed a survival benefit with bilateral IMA grafting after 
a mean follow‐up period of 9 years [11]. A secondary analysis in a 
cohort of 1419 patients undergoing CABG with an arterial graft to 
the left anterior descending artery (LAD) from the SYNTAX trial 
and registry showed that 5‐year clinical outcomes in the CABG 
cohort were comparable in patients who received venous conduits 
or arterial conduits as a second graft [12]. Therefore, the follow‐up 
duration in the SYNTAX subanalysis may be too short to detect an 
advantage with arterial conduits which is likely to arise between 5 
and 20 years of follow‐up.

Secondary revascularization after CABG 
surgery: PCI or repeat surgery?
As of 2015, only one randomized trial has compared PCI with 
CABG in post‐CABG patients. The Angina with Extremely Serious 
Operative Mortality Evaluation (AWESOME) trial included 142 
patients in a randomized trial comparing CABG with PCI in post‐
CABG patients [13]. Additionally, 719 patients were enrolled in a 
physician‐directed registry. In this small randomized trial, there 
were no differences in terms of survival between the CABG and 
PCI arms at 3‐year follow‐up (73% vs. 76%, respectively).

Current US and European guidelines recommend a heart 
team approach in order to decide on the optimal revasculari zation 
 technique in patients undergoing secondary revascularization 
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after  previous CABG surgery for ischemia refractory to medical 
 therapy [14,15]. The 2011 American College of Cardiology/
American Heart Association (ACC/AHA) guideline on coronary 
artery bypass surgery states that a number of factors favoring repeat 
CABG include “vessels unsuitable for PCI, the number of diseased 
bypass grafts, availability of the LIMA for grafting, chronically 
occluded arteries and good distal targets for bypass graft placement. 
Factors favoring PCI over CABG include limited areas of ischemia 
causing symptoms, suitable PCI targets, a patent graft to the LAD 
artery, poor CABG targets, and comorbid conditions” [16].

PCI for acute postoperative graft failure
Occlusion of SVGs has been reported to occur in approximately 
10% of grafts within 30 days of CABG surgery [10]. Acute graft 
 failure after CABG surgery can be suspected by changes in the elec
trocardiogram (ECG) such as ST segment elevation or the develop
ment of new Q waves, by elevated biomarkers, by new wall motion 
abnormalities on echocardiography, hemodynamic instability, or a 
combination of these findings. Emergency angiography followed by 
PCI is the preferred strategy to manage acute postoperative graft 
failure [17]. However, redo CABG surgery is performed if multiple 
grafts are occluded or if the anatomy is not suited for PCI. Even 
with rapid emergency angiography and PCI, acute graft failure is 
associated with high in‐hospital mortality, analogous to mortality 
after acute stent thrombosis after PCI [18]. For example, a recently 
published observational study of 54 patients undergoing emergency 
coronary angiography within 30 days after CABG surgery between 
2004 and 2008 reported a 30‐day mortality rate of 26% [17]. In the 
context of PCI within hours to days after CABG surgery there is an 
increased risk of perforation at the site of the freshly made anasto
mosis [17]. Current guidelines recommend that the target for PCI 
should be the body of the native vessel or the IMA graft, while the 
acutely occluded SVG should be avoided because of the risk of 
embolization and/or perforation [15].

PCI in degenerated saphenous vein grafts
The majority of PCIs after CABG surgery are performed in the 
native coronary system as reported by an analysis in 300,902 
 procedures from the NCDR comprising patients with previous 
CABG [8]; 62.5% of patients in this study underwent PCI in native 
vessels only and 37.5% underwent PCI in at least one bypass graft 
with the vast majority of these grafts being SVGs (SVG 34.9%, 
 arterial graft 2.5%, both arterial and SVGs 0.2%).

Treatment of SVGs with PCI is associated with high rates of 
major adverse cardiac events (MACE). A patient‐pooled meta‐
analysis of 3958 patients included in five randomized controlled 
 trials and one registry investigating embolic protection devices in 
SVGs reported a 30‐day MACE (defined as death, myocardial 
infarction, or target vessel revascularization) rate of 13.8% in 
patients treated with conventional guidewires and 9.6% in patients 
with embolic protection devices [19]. The strongest predictors of 
30‐day MACE were a larger estimated plaque volume and a high 
degree of SVG degeneration. Analyses from a registry of approxi
mately 1000 patients undergoing PCI with bare metal stents (BMS) 
in SVGs have shown that female gender and diabetes mellitus are 
both associated with an increased risk of adverse events after SVG 
PCI [20,21].

Another prognostically unfavorable characteristic of patients 
undergoing SVG or arterial graft PCI, particularly in the presence 

of extensive occlusions in the native coronary circulation, is that 
they typically have a low left ventricular ejection fraction. In these 
patients, the use of a hemodynamic support device can be indicated 
to optimize the extent of complete revascularization and minimize 
peri‐procedural complications [22,23].

Guiding catheter selection
Guiding catheter selection depends on the insertion site of aorto
coronary bypass grafts in the aorta. Usually, grafts to the distal right 
coronary artery (RCA) or distal left circumflex coronary artery 
(CX) are located cranially above the ostium of the RCA; these grafts 
can be engaged by a Multipurpose, Judkins Right, or Amplatz Right 
or Left guiding catheter [24]. Grafts to the left coronary artery 
(LCA) are usually inserted in the aorta cranially to the ostium of the 
LCA; these grafts can be engaged by a Judkin Right, Hockey Stick, 
Left Coronary Bypass, or Amplatz Left guiding catheter.

Bare metal or drug‐eluting stents in SVG interventions
In de novo coronary artery lesions the use of current‐generation 
DES is associated with improved outcomes in terms of safety (death, 
myocardial infarction, stent thrombosis) and efficacy (target lesion and 
target vessel revascularization) compared with first‐generation DES 
and BMS [25,26]. A large number of studies have also shown that 
DES implantation reduces the risk of repeat revascularization com
pared with BMS in SVG PCI [27]. Moreover, an analysis from 3063 
patients undergoing SVG PCI in the Swedish Coronary Angiography 
and Angioplasty Registry (SCAAR) reported lower mortality rates 
in patients who received DES compared with BMS [28]. Current 
guidelines support the use of DES in SVGs (Class I, level of evi
dence A) [15]. A significant vessel mismatch occurs (particularly in 
SVG to diagonal or distal marginal branches) at the distal anasto
mosis level, which occasionally precludes the use of any stent at 
these locations. A particularly challenging situation is SVG disease 
in association with significant stenosis in the native coronary artery 
distal to the SVG anastomosis: typically, those distal vessels are of 
small caliber and present with diffuse disease and calcification. It is 
not unusual that no revascularization option is possible and cell or 
gene therapy protocols have been employed in such cases. 
Interestingly, this type of unfavorable anatomy is not necessarily 
related to low global regional systolic function.

Embolic protection devices in SVG interventions
Because of the high atheromatous load of degenerated vein grafts, 
PCI of SVGs is associated with an increased risk for distal emboliza
tion resulting in peri‐procedural myocardial infarction [19]. A num
ber of individual clinical trials and meta‐analyses of clinical trials 
support the use of embolic protection devices in SVG intervention 
to reduce the occurrence of distal embolization [19,29–31].

Three distinct types of embolic protection devices have been 
developed. Distal occlusion aspiration devices comprise the first 
class; these devices contain an inflatable occlusion balloon which is 
passed distal to the lesion and inflated to prevent antegrade blood 
flow. The balloon is mounted on a hypotube which is used as the 
guidewire for stenting or balloon angioplasty. The PCI is performed 
while the blood in the SVG is stagnant, and any debris is subse
quently removed by an aspiration catheter. Examples of this type of 
embolic protection device include the PercuSurge GuardWire 
(Medtronic, Minneapolis, MN, USA) and the TriActiv System 
(Kensey Nash Corp, Exton, PA, USA).

Distal embolic filters are the second class of embolic protection 
devices and the most commonly used type. These devices have a 



cHAPTeR 19 Percutaneous coronary Intervention of Arterial and Vein Grafts 203

shrunken filter mounted on the distal part of a guidewire. The filter 
with a pore size of 100–110 µm is positioned distal to the lesion and 
subsequently deployed. Distal embolic filters allow for antegrade 
blood flow while capturing debris of similar size to the aforemen
tioned distal occlusion system [32]. After stenting or balloon angio
plasty, accumulated plaque debris is retrieved using a retrieval 
catheter. Examples of this type of embolic protection device include 
the Spider (Abbott Vascular, Abbott Park, IL), the FilterWire 
(Boston Scientific, Natick, MA, USA), and the Interceptor Plus 
(Medtronic Vascular, Santa Rosa, CA, USA).

Finally, a proximal occlusion aspiration device (Proxis, St. Jude 
Medical, Minneapolis, MN, USA) was found to be effective in SVG 
PCI, but its manufacture was discontinued and it is no longer 
 commercially available [33].

Currently, the use of embolic protection devices is listed as a 
Class I, level of evidence B recommendation by both the ESC and 
ACC/AHA guidelines [15,34].

Use of glycoprotein IIb/IIIa inhibitors in vein graft PCI
Because of the high thrombotic burden of degenerated vein grafts, 
the glycoprotein IIb/IIIa inhibitors (GPIs) which inhibite platelet 
aggregation have been investigated in SVG PCI. However, use of 
GPIs in SVG PCI was not found to result in a reduction of adverse 
ischemic events. A pooled analysis of individual patient data 
(n = 627) from five randomized controlled trials investigating GPIs 
in SVG PCI reported a numerically higher rate of adverse events 
(death, myocardial infarction, or revascularization) at 6‐month fol
low‐up in SVG PCI when GPIs where used compared with placebo 
(39.4% vs. 32.7%; p = 0.07) [35].

Radial approach in vein graft PCI
A recent randomized controlled trial investigated 128 consecutive 
patients who had previously undergone CABG surgery and who 
were referred for cardiac catheterization to radial or femoral vascu
lar access [36]. In this small study, radial access was associated 
with longer procedural time (34.2 ± 14.7 vs. 21.9 ± 6.8 minutes; p < 0.01), 
longer fluoroscopy time (12.7 ± 6.6 vs. 8.5 ± 4.7 minutes; p < 0.01), and 
increased contrast use (171 ± 72 mL vs. 142 ± 39 mL; p < 0.01). More
over, access site crossover occurred in 17.2% of patients in the radial 
group. However, outcomes were similar in patients who underwent 
PCI. This study suggests that the radial approach in vein graft PCI 
should preferably be used by operators who have extensive experi
ence with radial PCI and angiography. In our opinion, the exact 
location of the graft and the distance of its proximal anastomosis 
from the innominate artery, and its relation to the great vessel and 
arch tortuosity are very important factors in determining the feasi
bility of a radial approach and the access site laterality (left versus 
right radial).

PCI in arterial conduits
If arterial grafts require intervention, this need most commonly 
arises during the first year after CABG surgery as the most com
mon mechanism of arterial graft narrowing is a response to 
injury (analogous to the mechanism of restenosis after PCI) [8]. 
Arterial grafts using the radial artery are known to have a ten
dency to develop coronary spasm, which complicates PCI of 
these types of grafts [37]. Calcium channel blockers have been 
used empirically by many surgeons after arterial graft conduit 
implantation (particularly radial grafts). Arterial grafts are nota
bly resistant to atherosclerotic deterioration particularly within 

their shafts; therefore anastomotic lesions are the most common. 
There is limited clinical evidence on the subject of PCI of arterial 
grafts. A different behavior of anastomotic and shaft lesions has 
been suggested with use of BMS and balloons, respectively, as 
first line of treatment; DES implantation has changed this prac
tice. A small retrospective study suggests that DES implantation 
in arterial grafts results in a reduction in target lesion revascu
larization compared with BMS [38].

Guiding catheter selection for LIMA and RIMA grafts
A LIMA graft can be engaged via the left radial artery or via the 
femoral route. The most commonly used catheter shapes or the 
Judkins Right 4 or the IMA. For successful wiring of a tortuous 
LIMA a soft hydrophilic wire, perhaps supported by a 1.5 mm 
 balloon may be required. In patients where the LIMA takes off from 
the proximal ascending part of the left subclavian artery, the use of 
a guiding catheter with a 0.035 inch glidewire inside can allow non‐
selective injection and advancement of a 0.014 inch wire into the 
IMA, then the glidewire can be retracted and the catheter directed 
toward the IMA with help from the 0.014 inch wire.

The right IMA (RIMA) can be engaged by IMA or Judkins 
Right 4 shaped catheters using the right radial artery or the femo
ral approach. When using the femoral approach, engaging the 
RIMA may prove challenging, and an approach using a glidewire 
as described above can be helpful.

Conclusions
PCI in patients who have undergone CABG surgery is a frequently 
encountered clinical problem. These are typically patients with high 
rates of risk factors for coronary sclerosis in addition to numerous 
extracardiac comorbidities. In patients with medically refractory 
anginal complaints after previous CABG surgery, a tailored 
approach to secondary revascularization should be devised by the 
heart team. If PCI is deemed the most appropriate revascularization 
technique, guidelines recommend treatment of the native coronary 
artery system. If this is contraindicated and PCI of degenerated vein 
grafts is performed, the use of embolic protection devices and 
placement of DES rather than BMS is recommended. We have to 
also keep in mind that the achievement of the most optimal final 
luminal diameter in graft lesions has been associated with a greater 
post‐procedure myocardial injury and operators should take 
account of this trade‐off [39].

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Unfavorable factors for percutaneous coronary intervention 
(PCI) include small caliber of coronary vessels, diffuse lesion 
length, and significant coronary artery tortuosity. Small caliber of 
coronary arteries is associated with increased restenosis. Diffuse 
or long lesions are associated with decreased procedural success 
and are associated with higher rates of restenosis. PCI of tortuous 
lesions are also associated with decreased procedural success 
rates which stem chiefly from difficulty in delivering devices. 
Difficulty in device delivery not only makes intervention chal-
lenging, but also makes anatomic and physiologic assessment of 
lesions difficult. However, with thoughtful application of tech-
nique and use of supportive equipment, PCI of these difficult 
lesion subsets can be accomplished with a high degree of success 
and safety.

Small vessel disease
Definition and prevalence
A small coronary artery is defined as a vessel with a reference vessel 
diameter of less than 2.5–2.75 mm [1,2]. Usually, the caliber of the 
vessel is determined by angiographic evaluation. However, if there 
is diffuse coronary artery disease, the reference vessel diameter may 
not be easily discernable and the true vessel diameter can easily be 
underestimated by using angiography‐based estimates. In these 
cases, imaging with intravascular ultrasound (IVUS) or optical 
coherence tomography (OCT) is sometimes needed to confirm true 
vessel size.

Percutaneous interventions of small vessels are relatively com-
mon and compromise approximately 25–30% of coronary proce-
dures [3,4]. Patients with small diameter coronary arteries tend to 
be older and are more likely to be female. They also tend to have 
higher frequencies of concomitant disease such as heart failure 
and diabetes [5].

Anatomic and physiologic assessment
Physiologic assessment of small vessel coronary artery disease is 
important. Because of the relatively poorer outcomes after PCI, 
intervention should be entertained only for clinically significant 
lesions. Lesions with angiographic diameter stenosis of greater 
than 70% when compared to reference vessel diameter are generally 

considered physiologically important and are thought to potentially 
cause ischemia [6,7]. However, visual estimation of stenosis severity 
by angiography alone can be difficult if the reference vessel diame-
ter is small. IVUS, OCT, and fractional flow reserve (FFR) can be 
employed to aid in the evaluation of the clinical significance of 
small vessel disease.

Intravascular ultrasound
Evaluation of small vessel coronary arteries with IVUS can be per-
formed effectively. Availability of smaller 5 Fr IVUS catheters makes 
delivery easier. Images are assessed in a similar fashion to larger 
arteries and the principal analysis is assessment of minimal lumen 
cross‐sectional area (CSA). For larger vessels with reference diam-
eters of greater than 3.0 mm, a CSA of less than 4.0 mm2 is generally 
correlated with ischemia which is proven by nuclear imaging [8]. 
For smaller vessels, the cut‐off CSA below which ischemia is 
thought to occur is smaller. In the  Fractional Flow Reserve and 
Intravascular Ultrasound Relationship Study (FIRST), coronary 
artery lesions in vessels with varying reference vessel diameters 
were evaluated with FFR. The best cut‐off CSA for lesions in vessels 
with reference vessel diameters less than 3.0 mm was 2.4 mm2. 
Lesions with CSA below this cut‐off were likely to have an 
“ischemic” FFR value of less than 0.8 [9].

Fractional flow reserve
Measurement of FFR can be useful in assessing the physiologic sig-
nificance of lesions in small coronary arteries. FFR has been vali-
dated as an important tool for identifying lesions that when treated 
with PCI lead to improved clinical outcome. Although most of the 
data supporting the use of FFR have been derived from studies that 
evaluated larger coronary arteries, evidence supports the use of this 
modality in smaller coronary arteries as well [10]. In the FAME 
study, 20–30% of the coronary arteries that were studied were less 
than 3.0 mm in diameter and the average reference vessel diameter 
was 2.5 mm [11]. In the Phantom study, evaluation of patients with 
FFR could identify those patients with small coronary artery  disease 
in whom PCI could be safely be deferred [12]. The FFR cut‐off for 
physiologic significance in small coronary arteries appears to be in 
the range 0.75–0.80, and values less than this cut‐off range correlate 
with ischemia.
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Optical coherence tomography
OCT is a relatively new imaging modality compared to IVUS. 
Rather than using ultrasound, it uses infrared light to obtain cross‐
sectional images of coronary arteries. Compared with IVUS, it has 
the distinct advantage of having superior resolution. In order to 
image optimally, the blood in the coronary artery must be washed 
out with dye. In smaller vessels, this washout may not be optimal 
because of the distal location of the vessels. The correlation between 
ischemia and OCT‐derived CSA has not been rigorously validated.

Technical aspects
PCI of small vessel disease can be challenging. Delivery of devices is 
often difficult because of the distal location of the small vessels. 
Small vessels can also be at bifurcations and all the challenges of 
bifurcation PCI are compounded by the small size of the vessel. 
Stent sizing can be difficult because of tapering of a small vessel 
to even smaller dimensions. However, the application of a well‐
executed plan can make intervention easier.

Device delivery
Delivery of devices to the distal portion of the coronary bed is diffi-
cult but can be accomplished safely with application of the correct 
technique and equipment. A “buddy wire” is often used [13,14]. In 
this technique, two wires are delivered into the target vessel. One of 
the wires is a stiff support wire that enhances delivery. Commonly 
used wires in this category are the Mailman™ (Boston Scientific, 
Marlborough, MA, USA) and the Grand Slam (Abbott, Abbott Park, 
IL, USA). These wires enhance delivery by “straightening” bends 
proximal to the lesion and provide a “rail” over which device delivery 
is facilitated. Furthermore, in cases where guide support is subopti-
mal, the use of a stiff support wire will help to support the guide in a 
coaxial position for optimal device delivery. The second wire is the 
delivery wire or the wire over which the balloon or stent will be deliv-
ered. This wire is a softer wire which allows passage of devices, even 
through tortuous vessel segments, without significant biasing effect 
(for more on wire bias see the section on diffuse vessel disease).

In cases where equipment delivery is particularly difficult even 
with the use of the buddy wire technique, mother‐and‐child guide 
extenders facilitate delivery. Two commonly used varieties are the 
Guideliner (Vascular Solutions, Minneapolis, MN, USA) and 
Guidezilla (Boston Scientific, Marlborough, MA, USA). These 
devices provide additional support for device passage by allowing 
deep intubation of coronary arteries. Additionally, in cases of unu-
sual take off angle of the coronary ostium or anomalous coronary 
ostium take off, these devices can provide coaxial support. In par-
ticularly challenging cases, these devices can be advanced over the 
shaft of an inflated balloon to “super” deep seat the device into the 
coronary vasculature (for details of this technique see the section on 
tortuous vessel disease). The balloon can then be deflated, with-
drawn, and the stent can be delivered through the deep‐seated 
guide extender. Care must be taken when using these devices for 
deep intubation because coronary dissections can occur as these 
devices are advanced into the coronary vasculature.

Bifurcation lesions
Treatment of bifurcation lesions in small vessels should employ a 
one‐stent strategy. The stent should be placed into the larger branch 
after ballooning the smaller branch pre‐emptively to prevent abrupt 
closure. Re‐crossing into the jailed side branch routinely to treat an 
angiographically “pinched” side branch with balloon dilatation 
should not be performed because of the possibility of causing stent 

deformation [15]. If ischemic symptoms develop or angiographi-
cally suboptimal flow is observed in the unstented side branch, the 
stent strut should be re‐crossed into the smaller unstented side 
branch with a guidewire and the jailing stent strut opened with a 
small non‐compliant balloon inflated to high pressure. The seg-
ment of the vessel before the bifurcation is small and therefore may 
not allow simultaneous kissing balloon inflation. A final high pres-
sure inflation of a non‐compliant balloon in the stented main 
branch will in most cases be sufficient to re‐align the stent struts 
without re‐closure of the unstented side branch. Use of sequential 
balloon inflation rather than simultaneous kissing balloon inflation 
does not appear to make a difference in clinical outcome [16]. In 
fact, sequential balloon dilatation rather than simultaneous kissing 
balloon dilatation was associated with a more favorable anatomic 
outcome in the main branch [17]. The small caliber of the parent 
portion of the vessel can preclude any meaningful two‐stent strat-
egy and even if such a strategy is employed the in‐stent restenosis 
rate is high. In general, a one‐stent strategy should be used to treat 
bifurcation lesions in small coronary arteries.

Device size
The availability of smaller balloons and stents has made PCI of 
small vessel disease easier and safer. Balloons as small as 1.2 mm 
allow crossing and dilatation of distal lesions in small vessels feasi-
ble [18]. Some of these smaller balloons are mounted on relatively 
stiff shafts that promote efficient delivery of forward force. Plain old 
balloon angioplasty (POBA) has produced acceptable results [3]. 
However, if vessel size allows, treatment with drug‐eluting stents 
(DES) is preferred to balloon angioplasty alone. DES are now avail-
able in diameters as small as 2.25 mm.

Clinical outcomes
Clinical outcomes of percutaneous intervention of small vessel dis-
ease are poor compared to similar procedures of larger caliber vessels 
[19]. Poor outcomes are primarily brought about by the increased 
rates of in‐stent restenosis (ISR) and target vessel revascularization 
(TVR). POBA was often used as a treatment for small vessels and, at 
least when compared to bare metal stents (BMS), appeared to yield 
equal results. The TVR rate at 6 months was approximately 20% at 
6 months’ follow‐up [3]. This rate is much higher than the 6 month 
TVR rate of approximately 10% following placement of BMS in large 
vessels [20]. The advent of DES  substantially improved ISR and TVR 
rates after stenting in small coronary arteries. The rate of revasculari-
zation was 4% at 9  months’ follow‐up [21,22]. With the advent of 
second generation DES, patency rates after stenting small coronary 
arteries have improved even more [23].

Key points and summary
• Intervention of small vessel coronary arteries is relatively com-

mon and comprises 20–30% of all percutaneous interventions in 
some series.

• Angiography is the most commonly employed method of assessing 
small vessel disease severity. However, other modalities including 
IVUS and FFR have been validated in studies and are reasonable 
adjunctive modalities to assess physiologic importance of small 
vessel coronary artery disease.

• PCI of small vessel disease can be challenging. Factors that con-
tribute to difficulty include potential distal location of small 
 vessels, proximal tortuosity, and location at bifurcation points. 
However, with use of proper equipment and technique, percuta-
neous intervention can be performed safely.
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• A small diameter makes matching vessel to equipment size 
potentially challenging. However, recent introduction of smaller 
balloons and DES have made PCI more effective. Second genera-
tion DES as small as 2.25 mm in diameter are available and the 
use of these stents is associated with good clinical outcomes 
which are superior to simple balloon angioplasty and use of BMS.

Diffuse vessel disease
Definition and prevalence
Diffuse coronary artery disease is characterized by atherosclerotic 
plaques greater than 20 mm in length [24]. Certain subsets of 
patients are more likely to have diffuse coronary artery disease. 
Diabetic patients tend to have diffuse, multivessel coronary artery 
disease and are more likely to undergo surgical revascularization. 
South Asian patients as a whole tend to have severe diffuse coro-
nary artery disease that may not be amenable to either surgical 
or percutaneous revascularization [25]. Patients who have under-
gone cardiac transplantation sometimes present with diffuse 
occlusive coronary artery disease. In this group of patients, the 
disease is often caused by transplant vasculopathy which is a result 
of a diffuse proliferation of smooth muscle cells [26]. Less com-
monly, atherosclerotic lesions can occur in coronary arteries of 
transplanted hearts, but these lesions tend to occur in a more focal 
pattern [27]. Uncommonly, diffuse coronary artery disease devel-
ops in response to a general inflammatory process in patients with 
vasculopathies [28].

Anatomic and physiologic assessment
Coronary angiography is most often used to identify diffuse coro-
nary artery disease. However, because of diffuse involvement of the 
coronary artery, it is often difficult to determine the disease‐free 
reference diameter of the vessel and thus makes estimation of per-
cent stenosis problematic. Indeed, in some cases an estimation of 
the reference vessel size is impossible and the vessel as a whole is 
described as “moderately diffusely” or “severely diffusely” diseased. 
Therefore, modalities other than angiography are needed in some 
cases to quantify the extent of diffuse coronary artery disease.

Intravascular ultrasound and optical  
coherence tomography
IVUS is useful in characterizing diffuse coronary artery disease. In 
cases where assessment of percent stenosis is difficult because of 
lack of a clear reference vessel diameter, measurement with IVUS is 
an alternate method to assess severity of disease and implications 
for physiologic importance. A plaque with a CSA of less than 
4.0 mm2 measured by IVUS in a vessel with a reference vessel diam-
eter of at least 3.0 mm is generally thought to cause ischemia [8]. 
Lower CSA thresholds for ischemia have been identified in vessels 
with reference diameters of less than 3.0 mm [9]. In addition, imag-
ing with IVUS identifies more severe segments of diffuse disease 
which can be selectively stented. IVUS‐guided spot stenting of the 
most severely diseased areas spares the need for implantation of 
long stents and can be associated with better outcomes [29].

OCT yields similar information to IVUS. Additionally, it has the 
advantage of superior resolution and can yield important qualita-
tive data about the lesion such as degree of calcification [30]. 
Furthermore, its superior resolution facilitates identification of 
stent malapposition which occurs relatively more frequently when 
diffuse lesions are stented. OCT can then be used to guide correc-
tive measures with high pressure balloon dilatation.

Fractional flow reserve
Because it is often difficult to ascertain an accurate percent stenosis 
of a diffuse lesion, FFR is a valuable tool to gauge its physiologic 
importance. Particularly in cases where there are severe lesions in 
tandem that are separated by less severely diseased segments, pull-
back of the FFR wire can isolate lesions that are hemodynamically 
significant. In this technique, the FFR wire is placed across a diffuse 
lesion and under maximal hyperemia a hemodynamic assessment 
of the entire lesion is made. If the FFR value is significant (≤0.8) 
under maximal hyperemia, the wire is pulled back proximally from 
the most distal portion of a diffuse lesion. If there is a significant 
pressure drop across a lesion (approximately 10 mmHg), that lesion 
is treated with PCI. It is important to perform a FFR measurement 
of the entire diffuse lesion again after stenting, because the physio-
logic interaction between serial lesions is accounted for by more 
than a hemodynamic drop which is simply the additive effect of the 
serial lesions [31]. For example, an initially hemodynamically insig-
nificant proximal lesion can become significant by FFR after the 
more distal lesion is treated with a stent. This more proximal lesion 
should be treated in order to render the entire diffuse lesion hemo-
dynamically insignificant. This concept is illustrated in Figure 20.1. 
In cases where there is no significant drop across a particular area of 
a diffuse lesion, either the entire lesion has to be stented to obtain 
hemodynamic benefit or the patient is not a good candidate for PCI 
and should be considered for surgical revascularization.
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Figure 20.1 (a) A fractional flow reserve (FFR) wire advanced beyond 
two sequential lesions (1 and 2) registers a clinically significant value. 
(b) During pullback, a 10 mmHg drop is registered across the distal 
lesion (2) but a significant pressure drop is not registered across the 
proximal lesion (1). (c) Once the distal lesion is treated with a stent (2) 
the FFR wire is placed distal to the stent and pulled back again. No 
pressure drop is registered across the stented segment (2), but a 
significant pressure drop is recorded across the proximal lesion (1) – the 
proximal lesion should be stented.
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Technical aspects
Percutaneous intervention of diffuse coronary artery disease is 
challenging. Deciding how much of the vessel to stent may not be 
straightforward and therefore adjunctive diagnostic modalities to 
coronary angiography, such as IVUS or FFR, may have to be 
employed to determine the extent of stenting. Even after deciding 
which segment to treat, delivery of devices across areas of diffuse 
disease can be difficult. In particular, lesions that are calcified and 
or occupy bends in the vessel can be particularly challenging.

Device delivery
Stent delivery into diffuse coronary artery lesions can be difficult 
because of increased mechanical resistance, location of disease 
around vessel bends, and in certain subsets of patients such as those 
with chronic kidney disease associated with calcification. Therefore 
it is important to pre‐treat these lesions adequately prior to making 
an attempt to deliver a stent. There should be a low threshold for 
preparing a lesion with rotational atherectomy in diffusely calcified 
lesions (see Chapter 22 for details of this technique). Use of rota-
tional atherectomy will significantly increase the likelihood that all 
portions of the diffuse lesion will be uniformly and adequately 
dilatable with a balloon. After rotational atherectomy, a high pres-
sure balloon sized 0.5 mm smaller than the reference vessel diame-
ter should be inflated to high pressures at the areas to be stented. 
The use of a balloon sized slightly smaller than the vessel, inflated 
to high pressures ensures adequate expansion of the lesion without 
undue barotrauma.

Even after adequate balloon dilatation and expansion, delivery of 
a stent can be difficult. The same techniques to enhance stent deliv-
ery in small vessels can be used. The use of a stiff support wire 
enhances delivery by providing a more stable platform to advance 
devices such as a balloon or stent. If a “buddy wire” system is used 
and the lesion occurs at a bend in the vessel, it is helpful to advance 
the stent over the softer non‐support wire, because there will be less 
biasing against the vessel wall. This concept is illustrated in 
Figure  20.2. In straight lesions, delivery of the stent can be tried 
over the support wire if it fails to deliver on the softer wire. Guide 
extenders provide further support. Care should be used when “deep 
seating” these devices into coronary arteries with diffuse disease, 
because the risk of dissection is higher than when it is advanced 
into relatively disease‐free segments of coronary arteries. In gen-
eral, these devices should not be advanced into a segment of the 
artery that for whatever reason cannot be stented.

Plain old balloon angioplasty
In some cases diffuse coronary artery disease is not amenable for 
therapy with stents: the stents is undeliverable or the vessel size too 
small. If surgical revascularization is not feasible, stand‐alone bal-
loon angioplasty may be the only treatment option. When treating 
a lesion with only angioplasty or POBA, a long non‐compliant bal-
loon sized 1 : 1 to the vessel should be inflated to nominal pressure. 
Contemporary non‐compliant balloons come in lengths of up to 
30 mm. After the lesion is sufficiently dilated, the balloon should 
be kept inflated for about 1 minute at 50% of nominal pressure. 
This prolonged ballooning at less than nominal pressure will “tack 
up” potential dissection flaps without causing excessive baro-
trauma to the vessel. It is important to utilize a non‐compliant bal-
loon. Inflation of a long compliant balloon in a diffuse lesion at the 
high pressures that are required to adequately dilate a lesion can 
result in severe local barotrauma and flow‐limiting dissection as a 
result of uneven inflation. The results from balloon‐only treatment 

of diffuse coronary artery disease when compared to stenting are 
poor. Restenosis rates and target lesion revascularization rates can 
be as high as 42% and 21%, respectively [32]. Furthermore,  balloon 
angioplasty of diffuse lesions can result in flow‐limiting dissec-
tions demanding bailout stenting, which is associated with a 
high rate of peri‐procedure myocardial infarction [32,33]. POBA 
should be used as a last option for treatment of diffuse coronary 
artery disease.

Stent
The use of BMS in the treatment of diffuse coronary artery disease 
improved procedural success when compared to balloon angio-
plasty only, but TVR rates remained high [32,33]. The use of DES 
significantly improved patency rates over the use of BMS and 
decreased revascularization rates to single digits [21,22]. Long sec-
ond generation DES are available: both everolimus‐ and zotarolimus‐
eluting stents are available in 38 mm lengths. Revascularization 
rates after 9–12 months’ follow‐up after treatment of lesions longer 
than 30 mm with these stents are under 10% [34–36]. For lesions 
longer than 38 mm, placement of sequential stents with overlap 
is  required. First generation DES overlap has been associated 
with  increased in‐stent restenosis rates [37]. Second generation 
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Figure 20.2 (a) 90° angulation in the vessel has set up a condition for 
wire bias. (b) The stiff support wire has “straightened” the vessel at 
the expense of causing wire bias against the vessel. Delivery of a 
device over this wire may be problematic because it may be “biased” 
against the vessel wall. Delivery over the device over the less stiff 
delivery wire is associated with less bias.
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DES have been associated with better outcomes when placed in an 
overlapping configuration [38,39]. When more than two stents are 
used, overlap length should be minimized. The newer generation 
stents have thin strut architecture and therefore can be hard to visu-
alize with fluoroscopy. Use of enhanced stent visualization imaging 
techniques (“stent boost”) can improve visualization to minimize 
overlap length [40].

Clinical outcomes
Percutaneous treatment of diffuse coronary artery disease is associ-
ated with less favorable outcome than treatment of more focal 
 disease. Stand‐alone balloon angioplasty is associated with poor 
outcome and should be avoided. Stenting diffuse coronary artery 
disease has been associated with poorer outcome than stenting focal 
disease. In fact, stent length has been identified as an independent 
predictor of in‐stent restenosis [41]. Diffuse disease is prevalent in 
diabetics and presents a therapeutic dilemma. These patients are 
often not ideal candidates for surgical bypass because of poor targets 
for distal anastomosis [25]. Use of second generation DES have pro-
duced acceptable outcome in patients with diffuse coronary artery 
disease and should be used when possible.

Key points and summary
• The prevalence of diffuse coronary artery disease is high in patient 

subsets such as diabetics. The diffuse nature of disease can make 
them poor targets for bypass surgery and clinically significant dis-
ease must be treated percutaneously in selected cases.

• Angiography is the most common way to assess the severity of 
diffuse coronary artery disease. However, in some cases identi-
fying a non‐diseased part of the vessel to measure a reference 
vessel diameter can be challenging, and imaging modalities such 
as IVUS or OCT have to be employed. Additionally, the use of 
FFR is especially useful in evaluating severe sequential lesions in 
diffuse coronary artery disease.

• Delivery of equipment can be difficult in diffuse coronary artery 
disease, especially if the lesion is calcified or occupies a bend. 
Adequate vessel preparation prior to stent delivery is essential. 
Treatment with rotational atherectomy, followed by high‐pressure 
balloon angioplasty, is essential prior to stent delivery if calcifica-
tion is present. Use of buddy wire technique and guide extenders 
can help overcome resistance caused by biasing effects and long 
lesion length.

Tortuous vessel disease
Definition and prevalence
Coronary artery tortuosity is simply the presence of significant 
bends in the coronary vasculature. In the setting of PCI, vessel tor-
tuosity is assessed in the portion of the vessel prior to the lesion. 
Various schemes have been proposed for quantifying the severity of 
coronary tortuosity [24,42]. Excessive tortuosity is defined by at 
least one bend >90° or >2 bends >60°. Therefore, in general, the 
more acute the angle and the more bends prior to the lesion charac-
terize increasingly tortuous coronary arteries. Excessive tortuosity 
is associated with decreased chance of PCI success and is associated 
with a greater likelihood of adverse outcome.

Coronary tortuosity is not infrequent. In some series, the preva-
lence of this anatomic finding is as high as 39% [43]. Although 
coronary tortuosity can occur in any vessel, the prevalence is higher 
in the left circumflex artery simply because the first bend of this 
artery as it comes off the left main artery can occur at a steep angle. 

Additionally, the obtuse marginal branches of the left circumflex 
coronary artery often arise at close to 90° angles and contribute to 
general vessel tortuosity. The left anterior descending coronary 
artery has the second highest incidence of coronary tortuosity fol-
lowed by the right coronary artery [43]. Fortunately, there is an 
inverse relationship of coronary tortuosity and presence of athero-
sclerotic coronary artery disease. However, in some cases, tortuos-
ity itself can lead to ischemia because of changes in blood flow 
through the tortuous segments [42,44].

Anatomic and physiologic assessment
Coronary angiography is the mainstay of assessing lesions in tortu-
ous coronary arteries and analysis of multiple views is required to 
assess lesions. If significant tortuosity is present in more than one 
coronary artery, overlap of the vessels results in an illusion of steno-
sis because of the Mach effect [45]. Every effort should be made to 
“open up” bifurcation points where this effect can be especially 
 misleading. Lesion assessment should be undertaken before wiring 
tortuous coronary arteries because pseudo‐lesions can appear [46]. 
Other modalities can be used to supplement data obtained from the 
coronary angiogram, but vessel tortuosity makes any method prone 
to producing artifactual data.

Intravascular ultrasound
Use of IVUS can be challenging in imaging tortuous vessels because 
it can be difficult to deliver in tortuous coronary arteries. The use of 
smaller 5 Fr imaging systems can make delivery easier. In particu-
larly challenging cases, the IVUS catheter can be delivered using the 
buddy wire technique. Even after successful delivery of an IVUS 
catheter, care must be used in interpreting the data. Images obtained 
from tortuous segments of a coronary artery are difficult to analyze 
because wire bias can make acquisition of coaxial images difficult. 
Sudden decrease in CSA without corresponding increase in plaque 
burden, abrupt change in vessel geometry from a circular shape to 
an oval shape, or inexplicable changes in the relative areas of the 
vessel structures are clues that point to potential introduction of 
artifacts by vessel tortuosity.

Fractional flow reserve
FFR data can be difficult to obtain because of the challenges of 
negotiating vessel tortuosity with the wire. FFR wires can be diffi-
cult to maneuver. One way to overcome this is to use a more maneu-
verable wire to “straighten” the coronary artery prior to advancing 
the FFR wire. When using this technique, it is important to remove 
the non‐FFR wire prior to obtaining hemodynamic data. Failure to 
do so can introduce artifact. Alternatively, the Acist Rxi™ (Eden 
Prairie, MN, USA) system allows delivery of the FFR device over 
any wire the interventional cardiologist chooses. Once an FFR 
device is delivered, care must be taken in analyzing the data as the 
accordion effect of the FFR device in a tortuous vessel can yield 
false positive results [47].

Technical aspects
Device delivery
Device delivery can be difficult in tortuous coronary artery disease. 
Use of the buddy wire system is a commonly used technique to 
overcome vessel tortuosity. Often, a stiff “support wire” is paired 
with a softer wire. Examples of support wires include the Mailman™ 
(Boston Scientific, Marlborough, MA, USA) and the Grand Slam 
(Abbott, Abbott Park, IL, USA). It is easier to wire with the non‐
support wire first and then wire with the less maneuverable support 
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wire. Initially, devices should be advanced on the softer non‐ 
support wire. Often, the support wire will be so biased against the 
tortuosity that device delivery over this wire is difficult (Figure 20.2). 
If delivery over the softer wire is unsuccessful, an attempt to deliver 
the device over the support wire is sometimes successful.

Use of guide extenders can be crucial in successful completion of 
a tortuous coronary artery percutaneous intervention. These 
devices provide added support and allow a coaxial configuration of 
the guide–guidewire system to enhance delivery. The guide extend-
ers can be “delivered” or deep‐seated into the coronary artery over 
a wire. Deep seating is enhanced by advancing the guide extenders 
over two wires or over a support wire. In particularly tough cases, a 
balloon can be advanced into the distal portion of the target coro-
nary artery and the guide liner can be advanced over the uninflated 
balloon. If the guide extender cannot be advanced over the 
 uninflated balloon, further support can be obtained by inflating 
the  balloon to serve as an anchor. The guide extender can then 
be advanced over the shaft of the inflated balloon. The anchoring 

balloon should be sized 0.5 mm smaller than the reference vessel 
diameter so that barotrauma to the vessel is minimized. This con-
cept is illustrated in Figure 20.3. In some cases the guide extender 
can be advanced over the inflated balloon shaft past the coronary 
artery lesion. If this is accomplished, the stent can then be advanced 
within the guide extender to the desired location and then 
unsheathed. Using this  technique long stents can be delivered in 
extremely tortuous vessels.

When using deep seating techniques with the guide extenders, 
one should be aware of pitfalls. Significant decrease in coronary 
perfusion can occur due to the physical presence of the guide 
extender and straightening of the vessel. As a result the arterial pres-
sure from the guide system may be damped and frequent non‐
invasive blood pressure monitoring has to be performed to assess for 
true systemic pressure. Frequent and repeated checks for ischemia 
should be performed and if detected the guide extender should be 
withdrawn immediately. Contrast dye injection through a deep‐
seated guide extender should be avoided as much as possible. When 

(a) (c)

(b) (d)

Figure 20.3 (a) A severely tortuous right coronary artery with severe lesions in the proximal and distal portions (red arrows). (b) A 2.5 mm 
non‐compliant balloon inflated in the distal right coronary artery to serve as anchor (red arrow). A Guideliner™(Vascular Solutions, 
Minneapolis, MN, USA) is introduced into the proximal right coronary artery over the shaft of the inflated balloon (open arrow). 
(c) A Guideliner™ is advanced over the inflated balloon anchor to the distal right coronary artery (red arrow). (d) A stent was delivered  
through the Guideliner™ and successfully deployed in the distal lesion (red arrow). A similar approach was used to successfully treat the 
proximal right coronary artery lesion (open arrow).
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it is absolutely necessary, cautious injections of small volumes of dye 
should be utilized. Large volume dye injection through a damped 
guide system can result in ventricular fibrillation. Additionally, 
hydrostatic trauma from an aggressive dye injection causes dissec-
tion. Significant dissection can also occur when advancing the 
guide extenders. This complication can be mitigated by advancing 
the guide extender over the shaft of the balloon.

Rotational atherectomy
Percutaneous intervention of tortuous coronary arteries with con-
comitant calcification can be particularly challenging. The key chal-
lenge is to deliver stents past a calcified tortuous bend. The use of 
rotational atherectomy can make delivery of devices much easier, but 
care must be taken because the risks of causing serious flow‐limiting 
dissection and life‐threatening coronary perforation are much 
higher when used in this subset of coronary artery disease. Often, 
the floppy RotaWire™ (Boston Scientific, Marlborough, MA, USA) is 
used, because this causes less bias than the extra support variety. 
In  particularly challenging vessels, a transit catheter such as the 
Finecross™ (Terumo Cardiovascular Systems, Ann Arbor, MI, USA) 
is used to facilitate wiring of the lesion with a guidewire. Wires 
 without a spring coil configuration at the tip such as the Fielder™ 
(Abott Laboratories, Abbott Park, IL, USA) or the Kinetix™ (Boston 
Scientific, Natik, MA, USA) can negotiate a tortuous coronary artery 
effectively and efficiently. Once the lesion is wired, the transit cath-
eter is advanced past the lesion, the initial guidewire withdrawn, and 
the RotaWire™ advanced past the lesion through the transit catheter. 
The transit catheter is then withdrawn over the RotaWire™. A 
1.25 mm burr is recommended to treat tortuous  vessels, particularly 
if the lesion encompasses a bend. As a result of the bias caused by the 
wire, the 1.25 mm burr will make contact with the vessel wall and 
adequate vessel modification can be accomplished. Use of a larger 
burr greatly increases the probability of complications.

In tortuous vessels, the treatment of complications can be chal-
lenging. For example, it can be impossible to deliver a covered stent 
in cases of perforation. In cases of flow‐limiting dissections, an 
unplanned quick delivery of a stent into a suboptimally prepared 
lesion is challenging. If the dissection is in the proximal portion of a 
major vessel, prolonged slow flow or no flow can result in cata-
strophic hemodynamic or arrhythmogenic consequences. Therefore, 
deliberate, carefully conducted, rotational atherectomy with a small 
burr is essential. In this very challenging subset of vessels, “less” may 
truly be “more.”

Clinical outcomes
Percutaneous coronary intervention of tortuous coronary artery 
disease can be difficult and fraught with potential complications. 
Significantly tortuous coronary arteries, designated AHA vessel 
classification types B and C, are associated with low success rates 
for  successful intervention. Tortuous coronary arteries that are 
 calcified are particularly difficult to address with percutaneous 
intervention. Potentially life‐threatening complications can occur 
and prove difficult to treat.

Key points and summary
• Coronary tortuosity is not an infrequent finding. Tortuous coro-

nary arteries with associated calcification represent one of the 
most challenging subset of vessels to perform percutaneous 
interventions.

• Assessment of coronary artery disease is performed primarily 
with angiography. Use of adjunctive imaging modalities such as 

IVUS can be problematic because vessel tortuosity may not yield 
coaxial views. FFR should be used with caution because signifi-
cant accordion effects yield false positive results.

• Adequately preparing the vessel prior to attempting stent delivery 
is crucial. Rotational atherectomy is very useful to prepare calci-
fied vessels, but should be used cautiously because significant 
complications can occur and often these complications cannot be 
addressed quickly because of the difficulty in delivering correc-
tive devices. Use of small burr size (1.25 mm) is mandatory and 
atherectomy runs should be deliberately slow and cautious.

• Device delivery can be enhanced by using buddy wire techniques 
and by using guide extenders. Guide extenders can be associated 
with significant complications such as vessel dissection. Guide 
extenders should never be traversed over a vessel segment that 
for whatever reason cannot or should not be stented.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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In‐stent restenosis (ISR) represents the key limitation of bare metal 
stent (BMS) implantation as a result of excessive neointimal hyper-
plasia within the implanted stent. Drug‐eluting stents (DES) were 
developed to address this limitation [1]. At the beginning of the 
DES era, the rate of restenosis reported was around zero [2]. Since 
then, interventionists have progressively employed DES in the 
treatment of patients with increasingly complex disease. As a conse-
quence, DES restenosis rates have risen [3]. During the last decade, 
early generation DES were replaced by new generation devices 
releasing limus analogues, through more biocompatible polymer 
coatings, applied on thinner stent platforms. The favorable biocom-
patibility of new generation DES translated into an improved safety 
and  efficacy profile, rendering these devices the standard of care for 
 percutaneous coronary intervention (PCI) in current clinical prac-
tice. Nevertheless, ISR with the subsequent need for repeat revascu-
larization is still observed in up to 10% of patients treated with new 
generation DES during long‐term follow‐up [4].

Definition
Angiographic restenosis, or “binary restenosis” after PCI, is defined 
as ≥50% luminal narrowing at follow‐up angiography. The most 
widely accepted definition of clinical restenosis, assessed as a 
requirement for ischemia‐driven repeat revascularization, was 
 proposed by the Academic Research Consortium, and it requires 
both an assessment of luminal narrowing and the patient’s clinical 
context [5].

Incidence
ISR was observed in around 20–30% of patients treated in BMS piv-
otal trials. The antiproliferative effectiveness of early generation 
DES reduced this incidence by approximately 70% [3]. A further 
significant improvement was obtained with new generation DES. It 
is noteworthy that antiproliferative effectiveness of DES was shown 
to be consistent across a wide spectrum of patient populations, 
including those traditionally considered at higher risk of ISR such 
as patients with acute myocardial infarction and with diabetes 
 mellitus (Table  21.1 ). Clinical registries, which include patients 

with more complex coronary lesions, are probably more accurate in 
revealing the true incidence of ISR in the real world, but could 
underestimate the restenosis rate because of underreporting of clin-
ical events and low rates of angiographic follow‐up. Restenosis rates 
from registries are 30%, 15%, and 12% at 6–8 months with BMS, 
first generation, and new generation DES, respectively [4].

The last technical evolution of DES is the bioresorbable vascular 
scaffold (BVS) system. This platform has a bioabsorbable polylactic 
acid scaffold with a bioabsorbable polylactic acid coating that elutes 
everolimus. At the beginning of BVS use, they had similar problems 
to BMS, which were mainly a result of the inadequacy of preimplant 
lesion preparation and stent deployment issues, such as lack of good 
expansion, geographic missing, and overlapping of thick struts, 
leading to a high incidence of restenosis. Nowadays, following the 
improvement in BVS technology and deployment technique, the 
rate of restenosis is around 3–5%; however, data are limited [6].

Clinical presentation
Although some cases of ISR are silent, the majority lead to ischemic 
symptoms. Reports on the presentation of both BMS and DES 
restenosis have shown that unstable angina is a frequent manifesta-
tion (20–60%). Moreover, depending on the definitions applied, 
both BMS and DES restenosis presented as myocardial infarction in 
1–20% of patients [3]. During the last decade, among patients 
treated with DES, clinical presentation seems to be similar irrespec-
tive of DES generation [7].

Pathophysiologic mechanisms
Possible mechanisms of ISR after DES implantation have been 
 thoroughly studied in the last decade. According to the available evi-
dence, specific mechanisms have a different role according to timing 
of ISR presentation. The majority of data is derived from studies on 
ISR occurring within the first 12 months after DES implantation 
(early ISR) when excessive neointimal formation appears to be the 
dominant mechanism [8,9]. Conversely, late ISR—occurring beyond 
the first 12 months after DES implantation—appears to be triggered 
by different biologic mechanisms.

In‐Stent Restenosis in New Generation DES Era

Marco G. Mennuni and Patrizia Presbitero
Department of Cardiology, Humanitas Research Hospital, Rozzano, Milan, Italy
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Early restenosis
Biologic factors
Drug resistance Excessive neointimal hyperplasia is characterized 
by proliferation and migration of vascular smooth muscle cells 
and extracellular matrix formation as a response to local injury 
after stent deployment. Antiproliferative agents released by DES 
aim to suppress this process by inhibiting the cell cycle. Two 
classes of agents have been applied to DES for this purpose: pacli-
taxel and rapamycin analogues (i.e., “limus”).

Paclitaxel binds to the β‐tubulin subunit of microtubules 
and  interferes with microtubule dynamics during mitosis [10]. 
Resistance to paclitaxel has been described and appears to be 
 associated with increased expression of the mdr‐1 gene and its 
product P‐glyxoprotein, β‐tubulin mutation, changes in apop-
totic regulatory and mitosis checkpoint proteins, and potentially 
the overexpression of interleukin‐6 [11,12]. Currently, the rele-
vance of paclitaxel resistance in the context of ISR remains 
unknown.

Limus agents inhibit the function of the mammalian target of 
rapamycin (mTOR), blocking protein synthesis, cell cycle progres-
sion, and cell migration [13]. Genetic mutations and defects of 
mTOR or mTOR‐related proteins (FKB12P, p27‐Kip1, etc.) can 
influence the sensitivity to limus agents, and confer drug resist-
ance  [14]. Moreover, it has been suggested that the presence of 
diabetes with hyperinsulinemia can determine mTOR‐inhibition 
resistance of vascular smooth muscle cells proliferation [15–17]. 
This evidence could explain the strong association between insulin 
resistance and ISR  [18,19]. Nevertheless, this hypothesis has not 
been confirmed by prospective clinical investigations.

Hypersensitivity In the BMS era, allergic reactions to nickel and 
molybdenum released from stainless steel stents were potential trig-
gering mechanisms for ISR. The platform material used in many 
novel DES are alloys (e.g., cobalt chromium), which have a lower 
nickel content than stainless steel, and do not appear to trigger the 
adverse proliferative response and hypersensitivity [3].

Mechanical factors
The efficacy of DES is based on delivering therapeutic concen-
trations of drug to the underlying tissue. Hemodynamic envi-
ronments surrounding the stent modulate the drug distribution 
pattern to the arterial wall. In vitro and in vivo studies have 
shown that drug release appears to be sensitive to flow alteration 
secondary to wall displacement and stent malapposition [20,21]. 
Therefore, a number of mechanical factors could determine the 
occurrence of ISR.

Incomplete stent apposition Incomplete stent apposition, defined as 
the lack of contact between at least one stent strut and the underly-
ing intimal surface of the vessel, increases the risk of ISR. Typical 
causes of incomplete stent apposition:
1 Inadequate stent implantation because of stent–vessel size mis-

match; stent under‐expansion despite adequate stent–vessel ratio 
because of low implantation pressure or complex plaque;

2 Acute or chronic stent recoil;
3 Resolution over time of thrombus located between the stent 

struts and the vessel wall; and
4 Positive vessel remodeling.
A further classification has been created according to the timing 
of incomplete stent apposition diagnosis: acute (i.e., diagnosed 

post‐stent deployment) or acquired (i.e., not present post‐ procedure, 
but identified at follow‐up assessment). Early detection of incom-
plete stent apposition remains crucial, because acute incomplete 
stent apposition affects the overall vascular response, leading to 
delayed stent strut coverage [22].

Stent fractures Stent fractures have been associated with ISR, 
because of its potential decrease in local drug delivery at the frac-
ture point and/or mechanical injury. Stent fracture after both first 
generation DES have been reported, with an incidence rate of 2–3% 
[23,24], with a restenosis rate ranging from 15% to 65% [25–28]. 
Predictors of stent fracture:
1 Use of long stent
2 Use of large high‐pressure balloon post‐dilatation
3 Use of sirolimus‐eluting stent (SES)
4 Stenting on a bend >75°, and
5 Stenting in a right coronary artery or in a saphenous vein graft 

[29–32].
The observed rate of stent fracture and the association with major 
adverse pathologic events were comparable across first and new 
generation devices, indicating that careful long‐term follow‐up 
remains important even after everolimus‐eluting stent (EES) 
implantation [33].

Technical factors
Stent gap and incomplete plaque coverage represents a theoreti-
cal mechanism of stent restenosis. Stent gap has been demon-
strated to be associated with ISR [34]. Theoretically, the amount 
of local drug deposition to the vessel wall decreases at the gap 
site. Considering that the safety and efficacy of overlapping DES 
have been reported, stent gaps should be avoided [35]. When 
treating ostial, bifurcation, and/or long lesions, it is sometimes 
difficult to avoid incomplete lesion coverage [36]. The presence 
of geographic miss during the procedure (injured or diseased 
segment not covered by stent or  balloon‐artery size ratio <0.9 or 
>1.3) is associated with increased risk of total vascular reocclu-
sion (TVR) and myocardial infarction at 1 year [37]. Today, the 
availability of new generation DES with better mechanical per-
formance characteristics and greater stent length allow them to 
cover very long lesions, avoiding multiple stents [38]. The recom-
mended technique includes predilatation with shorter balloons, 
using a longer single stent to cover the entire area of balloon injury, 
and post‐dilatation within the stented regions using short high‐
pressure balloons. Following these recommendations, the proximal 
margin restenosis rates have decreased [39,40]. However, recent 
data studying angiographic patterns of restenosis demonstrate 
the persistence of a high rate of edge restenosis among those with 
a focal presentation [7].

Late restenosis
In addition to early restenosis factors, a late restenosis might be 
secondary to hypersentivity reactions or new atherosclerotic 
 processes. Early generation DES are associated with delayed 
 arterial healing and hypersensitivity reactions resulting in chronic 
inflammation. A  hypersensitivity reaction to polymer, drug, or 
scaffold leads to  restenosis [41]. Second‐generation DES have 
been developed to overcome these issues. In a pathologic study, 
use of new generation cobalt chromium EES (CoCr‐EES) resulted 
in greater strut coverage with less inflammation than SES or 
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paclitaxel‐eluting stent (PES) [33]. Nevertheless, a hypersensitiv-
ity reaction has been reported in second generation DES in both 
CoCr‐EES stent and zotarolimus‐eluting stent (ZES) [42].

The presence of chronic hypersensitivity phenomena can also 
trigger a neoatherosclerotic process. Late and impaired healing of 
the endothelium, after DES, facilitates lipid deposition within 
neointima [43]. In this setting, neointima is more prone to develop 
neoatherosclerosis and unstable plaque either behind the stent or 
within the intraluminal neointima [44–46]. In light of the fact that 
late DES failure is more likely to progress to acute myocardial 
infarction, and worse outcomes [47], early detection of subcritical 
in‐stent neoatherosclerotic plaques can be used as a marker of high 
risk lesions and patients.

Morphologic pattern of DES restenosis
The classification of angiographic patterns of ISR has been shown 
to be of crucial prognostic significance [48–50]. The incidence 
and pattern of restenosis were different between BMS and DES, 
and among different type of DES. In particular, BMS resulted in a 
diffuse pattern in 60% of restenosis cases. The rate of diffuse reste-
nosis decreased to 40–50% with use of first generation PES [51], 
and further lowered with SES (about 20%) in both randomized 
trial and registry (Figure  21.1) [52,53]. A comparison study 
between PES and SES confirmed higher incidence of diffuse and 
occlusive restenosis with PES when compared with SES use [54]. 
Restenosis presenting as total occlusion is rare, but remains 
 associated with worse outcome at follow‐up [55]. Recently, a 
restrospective study on new generation DES (everolimus and 
zotarolimus) reported diffuse restenosis rate similar to SES, 
around 15–20% of ISR cases [56].

Prognostic implications for morphologic patterns of ISR
Mehran et al. [48] reported that target lesion revascularization 
(TLR) at 1 year after repeat intervention for ISR increased 
 progressively with ISR classification (focal 19%, intra‐stent 35%, 
proliferative 50%, total occlusion 83%; p < 0.001). Similar to BMS, 
first generation DES ISR studies demonstrated that diffuse patterns 
were associated with worse clinical outcomes [3,49,57]. The diffuse 
 pattern even in new generation DES is theoretically associated with 
adverse events, but no evidence has yet been reported.

Predictors of DES restenosis
Unfavorable demographic, clinical, and angiographic characteris-
tics confer an increased risk for ISR after DES implantation. These 
data are mainly based on first generation DES experience and are 
summarized in Table 21.2. The predictive factors for first genera-
tion DES restenosis identified from real‐world data seem to be 
similar to those for BMS, such as small vessels, longer stents, and 
stent underexpansion [58–61]. Currently, with use of newer gen-
eration DES, lesion length might not be associated with higher 
risk of restenosis, because of better healing properties, thinner 
profile, and availability of longer sizes that lead to a theoretical 
reduction of stent overlapping. On the other hand, thinner struts 
might result in a higher rate of stent fractures, which is strongly 

100%
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50%

25%

0%
BMS

58%

42%
52%

71% 76%

48%
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Non-focal Focal

24%

PES SES EES

Figure 21.1 Morphologic pattern of restenosis across different stent 
generation. BMS, bare metal stent; EES, everolimus‐eluting stent; PES, 
paclitaxel‐eluting stent; SES, sirolimus‐eluting stent. Source: Adapted 
from Mehran et al. [48], Cosgrave et al. [57], and Lee et al. [8].

Table 21.2 Predictors of restenosis.

Demographics 
characteristics

Clinical 
characteristics Lesion characteristics Procedural characteristics

Age
Female gender

Diabetes mellitus
Multivessel CAD

Multivessel coronary disease
ISR
Bypass graft
LAD
Ostial lesion
Chronic total occlusion
Small vessel
Length
Severe calcification

Multiple lesion treatment
Type of DES
Final MLD

CAD, coronary artery disease; DES, drug‐eluting stent; ISR, in‐stent restenosis; LAD, left anterior descending; MLD, minimum lumen diameter.
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associated with restenosis [61]. Recent studies confirmed older 
age, multivessel treatment, small vessel size, increased stented 
length, complex lesion morphology, diabetes mellitus, and prior 
bypass surgery as predictors of restenosis after new generation 
DES implantation [4,62,63]. Considering that post‐minimal 
lumen diameter is a major factor in restenosis, optimal acute angi-
ographic result remains crucial even after new generation DES 
implantation.

Role of intravascular imaging
Intravascular ultrasound (IVUS) and optical coherence tomogra-
phy (OCT) permit detailed cross‐sectional imaging of the deployed 
stents. Factors associated with DES restenosis can be detected 
through IVUS and or OCT information. IVUS and OCT comple-
ment each other for the study and diagnosis of incomplete stent 
apposition. IVUS has higher tissue penetration power (4–8 mm) 
compared with OCT (1–3 mm), but it has lower axial resolution 
(150 vs. 15 μm). With these characteristics IVUS enables the visu-
alization of the external elastic membrane, to quantify the vessel 
size and to assess positive vascular remodeling [64], while OCT 
allows a sharper picture of the stent–lumen interface [65]. IVUS is 
important in evaluation of the mechanical factors that contribute to 
stent restenosis:
1 Stent underexpansion
2 Edge problems and stent gaps in multiple stenting
3 Stent fracture
4 New atherosclerosis vs. neointimal hyperplasia.
Furthermore, intravascular imaging is very important in the opti-
mization of restenosis to guide the choice between new balloon 
and stent size.

approach to DES restenosis
Despite the many studies analyzing the best treatments for stent 
restenosis that have been published, the optimal strategy for DES 
restenosis remains poorly defined. Evidence from meta‐analyses 
seems to suggest a similar efficacy of drug‐eluting balloons (DEB) 
and DES [66].

Drug‐eluting balloon
The local application of antiproliferative drugs with a balloon for 
treatment of ISR emerged from the limitations of current tech-
niques: the high occurrence of restenosis with conventional balloon 
angioplasty or with the debulking technique, and the shortfalls of 
implanting an additional metal layer, particularly in small vessels 
and in bifurcations. The available DEB deliver paclitaxel, eluted at 
3 μg/mm2. DEB are coated with a matrix composed of paclitaxel 
and a hydrophilic spacer (matrix carrier). This coating method 
allows the best solubility of paclitaxel and its transfer to the vessel 
wall [67]. The hydrophilic character of the matrix carrier and the 
lipophilic properties of paclitaxel support the release of the drug 
from the balloon to the vascular wall, and the drug elution lasts 1 
week. However, matrix represents a key limitation of this technol-
ogy; it makes DEBs rigid and thick compared to the conventional 
balloon, so it is more difficult to navigate them through tortuous 
and narrow vessels. Nevertheless, DEB has some theoretical advan-
tages over DES:
1 Avoiding stent‐polymer inflammation trigger
2 Delivery of antiproliferative drug exactly where the barotrauma 

has been induced by balloon, and
3 Avoiding multiple layers of stents.

Several studies on DEB either vs. conventional balloon angioplasty 
(BA), DES, or both showed a better performance of DEB compared 
with BA, and an equivalent or only mildly worse performance in 
comparison with PES in term of clinical and angiographic out-
comes [68–75]. As a matter of fact, although binary restenosis and 
late lumen loss were similar between DEB and PES, target lesion 
revascularization was only mildly higher in DEB than PES. These 
findings suggest that in big vessels, use of new DES for  treatment of 
restenosis might offer better results in term of further revasculari-
zation [72]. Theoretically, the extent of restenosis burden, such as 
in case of diffuse ISR or total occlusion, may be responsible for a 
suboptimal performance of DEB. The persistence of large amount 
of intimal hyperplasia or neoatherosclerotic plaque not properly 
squeezed after preliminary ballooning is well detectable by angiog-
raphy; it is important to carefully evaluate the angiographic result 
after a balloon pre‐dilatation, before deciding to proceed with DEB 
or to shift to DES implantation.

Drug‐eluting stent
As the clinical and angiographic results of DES use for BMS reste-
nosis were superior to those with conventional therapy in several 
randomized trials, DES are also used as a re‐treatment modality for 
DES restenosis. Almost all the studies comparing clinical and angi-
ographic effects of re‐DES treatment with conventional therapy for 
DES restenosis showed a superiority of DES. As a result, guidelines 
recommend DES to treat patients with ISR irrespective of the type 
of the initial stent (BMS or DES) [76]. The longer follow‐up at 
4 years after treatment of BMS restenosis with SES reported an inci-
dence of further restenosis of 25% [77]. The incidence of new reste-
nosis after DES re‐treatment varies greatly between 4% and 20% in 
the various series within 1 year; for these reasons the long‐term 
efficacy of further DES deployment remains uncertain. As drug 
resistance may be the mechanism of DES restenosis, it was con-
ceived that the placement of a different DES could be more effective 
in treating DES restenosis compared with the same DES. However, 
(i) almost all the studies available compared SES vs. PES and few 
data are available with different “limus” stent, and (ii) the studies 
showed contradictory results [78]. More recently, use of new gen-
eration DES for treatment of BMS restenosis was tested in the 
RIBS‐V trial [74]. This study showed that both EES and PEB pro-
vided very low clinical and angiographic recurrence of restenosis, 
but with EES showing superior angiographic results. Likewise, the 
RIBS‐IV trial analyzed the treatment of DES restenosis and it 
resulted in similar findings to RIBS‐V [79]. From these data it 
seems that the new generation DESs represent a good approach 
even in patients with focal pattern to treat DES ISR.

As far as BVS is concerned in treatment of ISR, anecdotal reports 
show that its use is feasible and theoretically attractive because it 
avoids multiple metal layers deployed on the vessel wall. However, 
many concerns regard strut thickness, lack of flexibility, radial 
strength, and recoil, to contraindicate BVS use for restenosis 
treatment.

Proposed treatment strategies of DES restenosis
As the etiologies of DES restenosis are diverse, it is recommended to 
use IVUS or OCT in order to understand the mechanism of reste-
nosis, and to drive therapeutic strategy. Figure  21.2 proposes an 
algorithm for the current approach to new generation DES resteno-
sis. If restenosis is focal within the stent body or secondary to stent 
underexpansion, DEB use is recommended; while if the focal edge 
is involved, which probably means uncovered atherosclerotic 
plaque or plaque shift, a new generation DES is recommended, and 
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different drug elution use might be considered. In small vessels 
(diameter less than 2.5 mm) use of DEB is preferable in order to 
avoid a further metallic layer. In diffuse disease, which is currently 
rare, DEB could be a good choice, because of lack of long‐term fol-
low‐up after second generation DES used in this setting. However, 
in case of suboptimal angiographic results, after high‐pressure 
 balloon angioplasty resulting in persistence of a high amount of 
material unable to be squeezed by the balloon, DES in DES is the 
best option.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Despite advances in percutaneous coronary intervention (PCI) 
technology, difficulty in crossing or dilating calcified coronary 
lesions remains one of the greatest challenges in contemporary 
practice. Given that the aging population, increased rates of renal 
failure, and diabetes mellitus all contribute to the burden of coro
nary calcification, it is likely that this will be a growing problem. 
Compared with non‐calcified lesions, increased intracoronary 
 calcium deposition leads to a higher incidence of major adverse car
diovascular events, particularly myocardial infarction [1]. They are 
also associated with a higher frequency of restenosis, target lesion 
revascularization (TLR), vessel dissection  during PCI, failure to 
deliver a stent, balloon ruptures, and undilatable lesions [2–7]. 
Furthermore, up to 50% of stents deployed in calcified lesions have 
been shown to have asymmetric expansion, potentially increasing 
the likelihood of restenosis and stent thrombosis [8,9].

Many of these challenges can be overcome by adequate lesion prep
aration. This chapter summarizes three atherectomy techniques (AT) 
that are employed as treatment strategies for calcific coronary lesions:
1 Rotational atherectomy (RA)  –  the oldest and perhaps most 

widely used
2 Orbital atherectomy (OA)  –  a relatively newly developed 

modality, and
3 Excimer laser coronary atherectomy (ELCA).

Background
Rotational atherectomy
Arterial dissection, early vessel elastic recoil, and later restenosis 
because of cell proliferation lead to a failure to maintain vessel 
patency after plain old balloon angioplasty (POBA). Long and 
 calcified lesions are particularly non‐compliant and high balloon 
inflation pressures may be needed. Shearing forces, persistence of the 
shifted atheromatous mass (containing cells capable of proliferation), 
and a stimulus to proliferation resulting from balloon injury are 
important features in determining POBA failures. An ablative 
 technique that can restore vessel patency by selectively removing ath
eromatous bulk without injuring more normal vessel components 
has the potential to overcome some of the shortcomings of POBA. In 
this context, RA was developed in the late 1980s as an alternative 

percutaneous method for lumen enlargement [10,11]. Randomized 
trials demonstrated some advantages of RA over POBA in proce
dural success but not in reducing rates of restenosis [12,13]. 
Additionally, the subsequent development of routine stenting very 
effectively solved the POBA problems of vessel dissection and elastic 
recoil thereby discouraging more widespread adoption of RA.

However, problems with cell proliferation and in‐stent restenosis 
(ISR) remained major determinants of TLR, affecting as many as one‐
third of stented lesions. Balloon treatment of ISR was frequently com
plicated by recurrent restenosis, particularly when restenosis was 
diffuse along the length of the stent. The persistence and elastic recoil 
of the proliferating cell mass were thought to be responsible for balloon 
failure and recurrent restenosis. Therefore a benefit for lesion ablation 
with RA was postulated. However, the success of RA in this situation 
remained equivocal after the publication of two randomized trials with 
contrary  findings [12,14,15]. Stent development, with the introduction 
of drug‐eluting stents (DES), has  significantly reduced rates of ISR as 
a reason for TLR. However, a major challenge to contemporary PCI 
is  the accessibility of some lesions, particularly calcified lesions, to 
 balloon or stent placement, or to balloon dilatation. In complex lesions, 
even high inflation pressures may not achieve satisfactory stent 
 expansion in as many as half of the cases. Restenosis and acute stent 
thrombosis occur more frequently  following such procedures.

RA alters the physical characteristics of the obstructing lesion, 
reducing its physical bulk and rigidity, and increasing the accessibil
ity of the debulked coronary segment to balloon and stent devices. 
As such, RA improves lesion access and can optimize minimum 
lumen diameter (MLD) gains as an adjunctive technique to enable 
and/or optimize stenting. RA offers more predictable lesion prepa
ration and consequently avoids the risk of vessel perforation from 
very high balloon dilatation inflation pressures.

Excimer coronary laser atherectomy
Excimer lasers are pulsed gas lasers that use a mixture of a rare gas 
and halogen as an active medium to generate pulses of short wave
length, high‐energy ultraviolet light. After application of an electrical 
discharge, energy absorbed by the individual atoms results in their 
being in a higher energy state. Electronic excitation of one of the 
atoms (halogen) initiates bonding with the other atomic species 
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(argon, krypton, or xenon), resulting in the formation of an electron
ically “excited dimer” molecule or “excimer.” As the molecule returns 
toward the ground state, short wavelength (and corresponding high 
photon energy) ultraviolet radiation is emitted. Work in the 1980s 
demonstrated that the ultraviolet radiation emitted by an excimer 
laser could be used to inscribe exceptionally clean and precise etch
ing cuts in cardiovascular tissue including atherosclerotic coronary 
artery segments [16], and subsequently in vein grafts [17] and native 
coronary artery disease [18–20]. Early clinical results in the era of 
POBA were mixed [21,22]. Randomized studies comparing ELCA, 
RA, and POBA showed that procedural success was better with RA 
than ELCA and POBA but high rates of TLR were seen with all three 
modalities at 6 months’ follow‐up [23].

The development of coronary stents, with adjunctive RA, resulted 
in reduced use of ELCA as a routine technique. However, it still has 
a key role as an adjunct in specific clinical situations: the treatment 
of non‐crossable or non‐expandable coronary lesions; under‐
expanded stents [24,25]; and in aortocoronary saphenous vein 
grafts where there is a preponderance of fibro‐calcific as well as 
thrombotic material [26–28]. It has also shown utility in the setting 
of acute myocardial infarction and large thrombus burden [29,30].

Orbital atherectomy
The Orbital Atherectomy System (Diamondback 360o OAS, 
Cardiovascular Systems, CSI, St. Paul, MN, USA) is a technique that 
has recently become available as an adjunctive tool for coronary 
lesion preparation. This has become an established technique in the 
treatment of calcific peripheral vascular disease and has recently 
shown utility in the coronary arena. Although relatively new, with 
the first study showing safety and efficacy only being published in 
2014 [31], it will add to the catheter laboratory armamentarium in 
the treatment of severe coronary calcification.

Rotational atherectomy
technical considerations
The business end of rotational atherectomy (Rotablator, Boston 
Scientific, MA, USA) is a nickel‐plated brass elliptical burr coated 
with diamond microchips on the front or crossing surface of the 
burr, with the rear half of the burr having no diamond chips and 
therefore no ablating surface (Figure 22.1). Rotational speeds up to 
190,000 rpm are transmitted via a flexible drive shaft enclosed within 
a Teflon sheath (4.3 Fr) connected to a gas‐driven turbine. Burr sizes 

(a) (b)

(c)

Figure 22.1 Rotablator system with burrs, console, Rotalink system. (a) A single advancer can be used for multiple burr exchanges. (b) The 
diamond‐coated burr is advanced on the guidewire and torque transmitted via the Teflon‐coated 4.3 Fr sheath. (c) Control console and foot 
pedal. Images courtesy of Boston Scientific.
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of 1.25, 1.5, and 1.75 mm can be accommodated by most 6 Fr guiding 
catheters. Notably, the use of a 1.75 mm burr with the 6 Fr guide will 
cause pressure dampening. The minimum guide size for a 2.0 mm 
burr is 7 Fr. Burr sizes of 2.15 and 2.25 mm can be accommodated by 
most 8 and 9 Fr guiding catheters. Burr sizes of 2.38 and 2.50 mm 
require alternative guides with 9 and 10 Fr lumen diameters, respec
tively. Following passage of a proprietary spring‐tipped steel guide
wire (Boston Scientific, RotaWire, 0.009 inches) into the distal vessel 
beyond the target lesion, the shaft‐mounted burr is advanced into 
position proximal to the lesion over the RotaWire.

In some of the early RA studies, inability to pass the RotaWire 
into the distal vessel accounted for most procedural failures. A vari
ety of RotaWires with different characteristics is now available. 
Many operators believe that these wires are less torque responsive 
than other coronary guidewires, and therefore it can be difficult to 
wire a complex lesion primarily with a RotaWire. In this instance, a 
regular .014 inch guidewire can be used to cross the lesion and an 
over‐the‐wire balloon or microcatheter tracked through the lesion 
after which the crossing wire is exchanged for a RotaWire. This 
technique can be used to traverse particularly challenging lesions 
such as chronic total occlusions (CTO).

A saline‐based infusion cocktail delivered through the Teflon‐
coated sheath provides lubrication for the drive shaft. Heparin anti
coagulation (typically 70 IU/kg 5000 IU in 500 mL normal saline) 
and vasodilators (verapamil 5 mg and isosorbide dinitrate 5 mg) are 
frequently added to the cocktail and are delivered directly into the 
coronary artery. Systemic anticoagulation aims for an activated 
clotting time of about 300  seconds. Historically, a temporary trans
venous pacemaker was often positioned when rotablating right 
coronary artery disease or dominant left circumflex lesions to 
 manage the transient atrioventricular block that often occurred. 
However, with contemporary practice using smaller burrs, shorter 
runs, and atropine pre‐treament, bradyarrhythmic complications 
are rare and pacing is unnecessary.

Once an appropriately sized burr is in position proximal to the lesion 
and it is confirmed that cocktail is reliably being delivered, the drive is 
switched on and engaged. Rotational speeds are typically between 
130,000 and 150,000 rpm [7,13]. More rapid rotational speeds generate 
excessive heat and also result in greater platelet activation [32]. Lower 
speeds can result in ablative behavior less selective for atheroma, but in 
general is associated with fewer complications. The burr is advanced 
slowly into and beyond the target lesion and with care taken to main
tain rotational speed as the burr encounters friction; if rotational speed 
drops, retreat from the target lesion may be necessary. Significant dec
rements in rotational speed (>5000 rpm) must be avoided as these are 
associated with excessive heat production through friction and are 
associated with poorer immediate and  long‐term outcomes [33,34]. 
Sudden drop in burr speed is also associated with burr trapping in the 
lesion, hence the cautious advancement and attention to burr speed.

Burr advancement is best accomplished in a piecemeal “pecking” 
fashion rather than through steady constant movement. The rec
ommended movement comprises short (about 10–20 second) runs 
of slow, smooth advances of the burr into the lesion followed by 
retreat. The burr should not be forced through the lesion. Because 
the rear of the burr does not have an abrading surface, the device 
can become trapped beyond the lesion and it can be difficult to pull 
back. The operator should retreat from the lesion between “pecks” 
in order to maintain rotational speed and enable coronary blood 
flow to flush ablative debris beyond the lesion.

After the lesion is crossed, the spinning burr is passed back and 
forth across the lesion until the operator feels no further significant 

resistance to the burr. Larger burrs can then be selected and the 
procedure repeated, typically until a maximum burr size of 60–80% 
of the reference vessel diameter has successfully crossed the lesion. 
More modest degrees of ablation can be associated with fewer short 
and long‐term complications [34,35], and in any case may be con
sidered satisfactory if the principal indication for RA has been to 
debulk rather than abolish the lesion (as an adjunct to stenting) 
or to facilitate tracking of balloons or stents across the target lesion. 
A strategy using a single 1.5 or 1.75 mm burr is satisfactory for the 
majority of cases.

The rotating burr abrades atherosclerotic material, selectively 
removing non‐compliant tissue to improve vessel patency. Intravas
cular ultrasound (IVUS) examination following RA  typically dem
onstrates a circular lumen with a smooth distinct luminal–vessel wall 
interface distinct from that seen following balloon barotrauma [36]. 
The diameter of the newly created lumen usually tends to exceed that 
of the largest burr used, perhaps because of non‐axial movement of 
the burr about its long axis, or as a consequence of vessel spasm dur
ing ablation [11,36].

In vitro studies suggest that normal (compliant, soft) vascular tissue 
is relatively unharmed and therefore not easily abraded, but that more 
rigid, calcified structures are more amenable to abrasion [11,36]. Burr 
abrasion generates minute particles (5–10 μm) which are propagated 
distally into and through the coronary microcirculation. Consequences 
of distal microembolization of these atheromatous particles and of 
platelet activation by the rotating burr are believed to contribute to 
 vessel spasm and no‐reflow complications observed during RA. In 
vitro, glycoprotein (GP) IIb/IIIa inhibitors attenuate platelet activation 
resulting from RA, and are associated with fewer ischemic complica
tions although in practice with good technique and appropriate burr 
sizing, no‐reflow is a rare complication. A small randomized study 
showed that use of GP IIb/IIIa inhibitors results in lower increases in 
serum cardiac enzyme concentrations during RA [37], although larger 
studies are required to support routine use.

indications for RA
Calcific lesions
The principal indication for RA is in the treatment of calcific 
lesions, which in the absence of lesion preparation or modification 
confer an increased likelihood of procedural failure, stent underde
ployment, restenosis, and major complications [38]. In such lesions, 
RA both enables and optimizes stenting, facilitating procedural 
success in complex lesions, chronic total occlusions, ostial lesions, 
and bifurcation lesions associated with bulky plaque and vessel 
geometry unfavorable for stent deployment [8,23,39–44].

In‐stent restenosis
Although it had previously been established as a promising treat
ment option for ISR with favorable outcomes, in the DES era RA 
has largely been superseded in this situation by balloon angioplasty, 
drug‐eluting balloons, cutting or scoring balloons, DES, or coronary 
artery bypass grafting (CABG) [45]. The two randomized studies 
that have addressed this issue have reported apparently discrep
ant  results. The single‐center US Rotational Atherectomy versus 
Balloon Angioplasty for Diffuse In‐Stent Restenosis (ROSTER) 
study [15] reports that RA was associated with a much lower rate of 
repeat stenting than POBA (10% vs. 31%%; p <0.001) and a lower 
TLR incidence (32% vs. 45%; p = 0.042). Importantly, one‐third 
of  patients evaluated for inclusion in ROSTER were excluded 
from the study if prior IVUS demonstrated evidence of inadequate 
stent expansion.
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The multicenter European Angioplasty versus Rotational 
Atherectomy for Treatment of Diffuse In‐Stent Resenosis Trial 
(ARTIST) [14] did not evaluate adequacy of stent expansion with 
IVUS prior to randomization. Balloon treatment was associated 
with better outcome; 6‐month event‐free survival was significantly 
better after POBA than with RA (91% vs. 80%; p < 0.01). IVUS 
results at follow‐up are consistent with the interpretation that a fac
tor favoring POBA was the resulting stent overexpansion. As regis
try data suggest that as many as 50% of stents are incompletely 
deployed [8], and ROSTER detected this in one‐third of their ISR 
patients, ARTIST results may be heavily biased by results of balloon 
treatment of inadequate stent expansion. ARTIST should therefore 
not be considered to have evaluated the efficacy of RA for treating 
ISR occurring in optimally deployed bare metal stents (BMS). It is 
intuitive that RA is most beneficial for removal of intimal hyperpla
sia but less effective for radial expansion of an underexpanded 
stent. If RA is contemplated for use in DES ISR, pre‐treatment 
imaging with IVUS or optical coherence tomography (OCT) may 
be warranted to first elucidate the mechanism of restenosis.

contraindications to RA
Contraindications to RA include saphenous vein graft lesions, 
thrombus, dissection, and occlusions through which a guidewire 
will not pass, although there are reports in the literature of success
ful use of RA despite contraindications.

Avoiding complications
The complications of RA are similar to those of PCI, and include 
vascular access complications, stroke, myocardial infarction, 
urgent CABG, death, dissection, perforation, acute vessel closure, 
side branch loss, and slow‐flow and/or no‐reflow. Additional com
plications of RA includes burr entrapment, estimated at 0.5–1%. 
Smaller burr sizes (burr–artery ratio <0.7) reduces angiographic 
complications and peri‐procedural enzyme release with similar 
procedural success [34,35]. Smaller burrs permit use of smaller 
guide catheters and therefore sheaths, permitting safe and effective 
transradial RA in the majority of cases, and resulting in fewer 
 vascular complications. Smaller guide catheter use also limits 
RA‐associated stroke [46].

Slow‐flow and no‐reflow during RA are likely related to micro
vascular embolization of atherosclerotic debris and thrombus. 
Strategies to prevent this include antiplatelet therapy, vasodilators, 
and meticulous technique. Vasodilators used for the purpose 
of  reducing slow‐flow and no‐reflow include adenosine, calcium 
antogonists, nitroglycerine, and nicorandil.

Techniques to avoid burr entrapment have been described  earlier. 
If this does occur, timely action is required to remove the entrapped 
burr. The most common solution in the literature is surgical 
removal with CABG; however, interventional approaches can be 
divided into two techniques: dilation of the lesion with balloon 
angioplasty, and burr removal facilitated by deep catheter intuba
tion. These are described in detail elsewhere [47].

excimer laser coronary atherectomy
technical considerations
Background technical considerations to ELCA have already been 
described. The CVX‐300 cardiovascular laser excimer system 
(Spectranetics, Colorado Springs, CO, USA) uses xenon chloride 
(XeCl) as the active medium. Consequently, the light emitted is 
pulsed and lies in the ultraviolet B (UVB) region of the spectrum 

with a wavelength of 308 nm and a tissue penetration depth of 
30–50 μm. This shallow absorption depth limits medial and adven
titial tissue damage in standard PCI. Significant thermal ablation is 
avoided because of the pulsed delivery of high‐energy pulses that 
last only a fraction of a second. The number of pulses emitted 
 during a 1 second period is known as the pulse repetition rate. 
The duration of each pulse is termed a pulse width, which can be 
modified according to the nature of the treated lesion.

Tissue breakdown via photo‐ablation occurs in three steps. First, 
rapid UV light absorption occurs resulting in severing of carbon–
carbon bonds, with subsequent dissipation of energy. This energy 
dissipation leads to evaporation of intracellular water to produce a 
steam bubble that advances ahead of the laser catheter. Tissue 
breakdown occurs as a result of rapid expansion and contraction of 
these steam bubbles. The threshold energy required for the penetra
tion of UV light into the surrounding tissue and the subsequent 
creation of a steam bubble is called fluence (range: 30–80 mJ/mm2). 
High pulse energy delivery is more efficacious in managing calci
fied lesions. The resultant debris particles are <10 μm in diameter 
with minimal risk of distal embolization [48].

ELCA catheters are compatible with a standard 0.014 inch guide
wire and are available in four diameters for use in the coronary 
artery (0.9, 1.4, 1.7, and 2.0 mm). The catheters most commonly 
used have a concentric array at the tip, but eccentric laser catheters 
are also available which are potentially better for debulking in ISR 
(Figure  22.2a). The larger diameter devices (1.7 and 2.0 mm 
 catheters) are primarily used in straight sections of large diameter 
vessels, for example saphenous vein grafts. They require 7 and 8 Fr 
guide catheters, respectively. Both the 0.9 and 1.4 mm are 6 Fr 
 compatible catheters but only the 0.9 mm X‐80 ELCA catheter is 
routinely used in balloon failure and CTO cases because of its excel
lent deliverability, high power, and repetition rate settings. The 
0.9 mm catheter contains 65 fibers of 50 μm diameter each and the 
radiopaque marker on this catheter is set back from the tip, making 
the device extremely deliverable.

In cases where the balloon has failed to cross a lesion, this rapid‐
exchange ELCA catheter is advanced to the lesion and, during con
tinuous saline flush, lasing commences with gentle slow forward 
traction of the catheter. As the pulsed UV light emitted has a shal
low penetration depth there is a low risk of dissection and vessel 
perforation. However, it is imperative to advance the catheter slowly 
and cautiously when dealing with very resistant lesions. In these 
cases there is often a tendency for even a supportive guide catheter 
to “back out” of the coronary artery, which would prevent saline 
from reaching the point of laser–plaque interaction, and increase 
the risk of complications.

Saline infusion technique
It is critically important to note that both blood and iodinated con
trast media, in comparison to water or saline, almost completely 
absorb the excimer laser energy. This results in the formation of 
cavity microbubbles at the site of energy delivery (Figure 22.2c, d) 
which subsequently potentiates the effects of pressure waves 
increasing the likelihood of vessel wall dissection [49]. Therefore 
the removal of contrast media and blood at the laser tip or energy 
delivery site has become mandatory; this is achieved with saline 
flushing [50]. This results in direct delivery of the energy to the 
atherosclerotic material and leads to lower dissection rates [51].

This is achieved in practical terms by attaching a 1 L bag of 0.9% 
saline to the manifold via a three‐way tap allowing saline to be 
injected with a 20 mL Leur‐lock syringe when required. It is 
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Figure 22.2 Excimer coronary laser atherectomy (ECLA). (a) Mechanism of action of ECLA. (b) Process of preforming a saline bolus and infusion 
in the ECLA process. (c, d) Demonstration of the importance of saline infusion to prevent the formation of microbubbles that are evident when 
the laser is activated in contrast medium. Images courtesy of Cardiovascular Systems, Inc.
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important to visualize directly under fluoroscopy that all contrast is 
flushed from the guide catheter in the selected starting position for 
lasing, and that the saline does not get mixed with contrast. Some 
5 mL of saline should be infused prior to laser activation followed 
by a slow injection continued at a rate of 2–3 mL/s throughout the 
lasing process (usually 5–10 seconds; Figure 22.2b). It is important 
to ensure that the guide catheter is well intubated into the coronary 
artery to ensure saline delivery to the laser catheter tip.

When dealing with CTO lesions, it is advisable not to use the 
saline technique. When crossing the CTO with a guidewire, a 
 section of the guidewire passage can be outside the true lumen of 
the vessel. Any anterograde injection can result in propagation of a 
dissection plane and ultimately result in a longer length of stenting 
if not immediate no‐reflow phenomena. Furthermore, the saline 
infusion is unlikely to reach the intended target given the lack of 
runoff from the lesion and will therefore be ineffective. It is also 
likely that using ELCA without saline in this setting will permit 
greater energy at the proximal or distal cap of the occlusion, ulti
mately facilitating the ELCA effect.

It should be noted that ELCA is not recommended when the opera
tor is aware that there is a long length of subintimal guidewire posi
tioning as can occur during typical anterograde dissection re‐entry. 
ELCA catheters are relatively indiscriminate in performing tissue abla
tion and will essentially “modify” any tissue in their field of delivery. 
Within the subintimal space the catheter would lie in closer proximity 
to the media and adventitia of the vessel and could cause perforation. 
For non‐crossable and non‐dilatable lesions, whether or not in the 
context of CTO, the highly deliverable 0.9 mm X‐80 catheter is favored 
with a maximum fluence (energy) of 80 mJ/mm2 and a repetition rate 
of 80 Hz. Activation for 10 seconds is followed by a mandatory rest of 
5 seconds between each lasing period, which is continued until either 
the catheter has traversed the lesion or sufficient lesion modification 
has occurred to permit balloon crossing or expansion.

The major advantage of ELCA is that the catheter is utilized on the 
standard 0.014 inch guidewire and so, unlike RA, it can be used more 
easily without the need to exchange wires. This is of particular 
importance during CTO because it prevents any loss of distal wire 
position once the lesion has been crossed. Once ELCA has success
fully traversed the lesion the procedure can be completed with 
 balloon angioplasty and stenting.

We have previously reported the combined use of ELCA and RA 
as the “RASER” technique and have utilized this in many proce
dures [52]. Lesions that cannot be treated with RA initially, because 
of inability to advance a RotaWire, can first be treated with ELCA 
with the understanding that the device will not fully debulk the 
lesion to permit stenting. However, the “pilot hole” created by ELCA 
can then be used to pass a RotaWire, either independently or via a 
microcatheter exchange technique, to permit subsequent RA and 
achieve procedural success.

indications for ELcA
Chronic total occlusions
ELCA has additional beneficial properties other than simply being 
able to cross or adequately debulk the resistant lesion. The ablative 
effect is transmitted across the atherosclerotic plaque, any organ
ized thrombus, fibrosis, and calcification, which comprise the main 
architecture of a CTO. During recanalization attempts, the friable 
thrombus can induce platelet aggregation and promote the release 
of vasoconstrictor agents. This leads to a pro‐thrombotic milieu 
that presents an additional challenge to an already technically 
demanding procedure. ELCA has a suppressive effect on platelet 

aggregation and can sever links within the fibrin mesh leading to 
clot dissolution [52,53]. ELCA is unlikely to have any significant 
effect on the calcification within a lesion but the ablation of material 
supporting the calcified plaque weakens the overall lesion to permit 
successful balloon traversing and expansion.

Non‐dilatable lesions
ELCA was first approved for use in cases of balloon failure during 
PCI in the USA in 1992 by the US Food and Drug Administration. 
However, there are few data on its use, particularly in contemporary 
practice. There are several reports of its use for balloon failure in the 
balloon angioplasty era [54–56]. The technology available at that 
time was limited to 1.4, 1.7, and 2.0 mm laser catheters and the laser 
energy delivered was much lower than in current practice with a 
maximum of 60 fluence and 25 Hz. It was also prior to the practice 
of continuous saline flushing during lasing, which has been shown 
to decrease complications [51]. Complication rates in these patients 
were high (8% significant dissection, 3% perforation, 3% acute stent 
thrombosis, and 3% emergency bypass surgery) and laser success 
rates were only 37%, although clinical success was obtained in 89%. 
Advances in PCI (with improved wire and balloon technology, the 
near universal use of coronary stents and the introduction of vari
ous drug‐eluting stents) have increased the range of indications for 
PCI and improved outcomes since the 1990s.

Underexpanded stents
The ablative capabilities of ELCA are based on absorption of its 
energy in the atheroma, leading to photomechanical and photo
thermal processes. Using high power energy, the 0.9 X‐80 catheter 
has been shown to cross even heavily calcified lesions. Even if the 
target lesions are not directly in the focus of laser beam, the specific 
interaction of ELCA energy in blood vessels induces acoustic shock 
waves propagating on to the surrounding structures. This effect 
becomes even more desirable when treating underexpanded coro
nary stents. Underexpanded coronary stents pose a significant risk 
for stent thrombosis and subsequent adverse clinical outcomes. 
There are very few reports on the use successful use of ELCA to 
treat under expanded stents [57,58]. In our experience, this is a very 
good indication, in the presence of calcific coronary stenosis, for 
the use of ELCA. The laser catheter ablates tissue on the abluminal 
surface of the stent allowing lesion modification and subsequent 
expansion of an originally underexpanded stent.

Avoiding complications
ELCA complications are on the whole similar to those encountered 
during routine PCI as described earlier with RA. Specific issues 
arise from interruption of the continuous saline flush or contamina
tion with contrast which can generate excessive heat and bubbles. 
Dissection re‐entry techniques for CTO also require specific 
 attention if the catheter is subintimal. Scrupulous technique and a 
procedure volume to maintain operator skills are essential to utiliz
ing this technology safely.

Orbital atherectomy
Despite the mature nature of RA, which has been in clinical use 
since the 1980s, the persistence of angiographic and clinical 
 complications highlights the potential for further progress in tech
nology and technique. OA is a technique that has recently become 
available for coronary intervention (Diamondback 360o OAS, 
Cardiovascular Systems, CSI, St. Paul, MN, USA). Distinct from 
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RA, OA works on the principle of elliptical burr movement, with 
variations in  effective ablation diameter based on varying rotational 
speed rather than just on varying burr size. The OAS is a percutane
ous endovascular system that incorporates the use of centrifugal 
force and  differential sanding to modify calcified lesions. The OAS 
uses an eccentrically mounted, diamond‐coated 1.25 mm crown 
(Figure 22.3) which orbits over an atherectomy guide wire at high 
speeds [59]. The position of the crown within the vessel is con
trolled using a handle. As atherectomy proceeds, a thin layer of 
plaque is removed with each pass of the crown. This process allows 
the crown to modify and remove portions of the calcified lesion 
while the more elastic tissue flexes away from the crown to create a 
channel 1.25–1.75 times greater than the crown size depending on 
the rotational speed chosen (two options are available by pressing a 
button on the device). The crown sizes available are 1.25, 1.5, 1.75, 
and 2.0 mm in diameter for endovascular interventions. The 1.25 
and 1.5 mm crowns can be delivered using a 6 Fr guide catheter. 
Notably, only the 1.25 mm crown is indicated for use in the  coronary 
artery (this crown can operate in two speed settings as controlled 
by  a button on the device). Larger crowns are used for peri
pheral  vascular interventions. A dedicated guidewire (ViperWire®, 
Cardiovascular Systems) and flush/lubricating system are required 
(ViperSlide®, Cardiovascular Systems).

There are important mechanical and technical differences 
between RA and OA that translate to significant differences in tech
nical and clinical application of these two devices. First, there is 
directionality to ablation with RA. Because only the front portion of 
the RA burr is diamond‐coated, ablation can only occur during for
ward movement. In contrast, ablation occurs during both forward 
and backward movement when OA is used. Therefore, instead of 
the “pecking” motion that is used with RA, a slow back and forth 
movement is used with OA. Second, because the leading edge of a 
RA burr has an ablative surface, RA can be used in very restrictive 
plaques such as CTO. In contrast, the OA crown is displaced 6.5 mm 
proximal to the leading edge which has no ablative surface. 
Therefore, there must be enough room to advance the device at 
least 6.5 mm before any ablation can occur. Lastly, the rotation of 

OA is orbital while rotation of RA is more concentric. This differ
ence has important implications for lesion selection. In general, OA 
should not be used in cases where there is a large transition from a 
large lumen to a smaller lumen. A prototypical example is an aorta‐
ostial lesion. RA is used in modification of these lesions and OA is 
contraindicated for use in this lesion subtype. The large unrestrict
ing “lumen” of the aorta allows the maximal orbit possible for a 
given rotational speed. As the device is introduced into the ostial 
lesion, the orbit diameter is suddenly restricted and becomes 
smaller. This abrupt change can result in vessel dissection.

OA has several potential advantages over RA. During ablation, the 
elliptical orbit allows blood to flow past the crown, thus continually 
dispersing debris, cooling the crown, and reducing risk of thermal 
injury. RA uses a concentric burr that does not allow blood to flow 
past. The particles created by OA are also smaller, in the order of 2 μm 
compared to 5–10 μm created by RA [60,61], which theoretically 
should be easier to clear from the microcirculation. Additionally, as the 
crown ablating area can be regulated via rotational speed, it reduces the 
need to exchange to an alternative size crown during the procedure.

Two studies have been published to evaluate the safety and efficacy 
of OA. In ORBIT I [59], 50 patients with calcific coronary artery dis
ease underwent OA with good procedural success and freedom from 
major adverse cardiac events (MACE) at 30 days. ORBIT II [31] was 
a non‐randomized study which enrolled 443 patients with severely 
calcific coronary lesions in 49 sites in the USA, showing an 89.6% 
freedom from MACE at 30 days and 88.9% procedural success. 
Interestingly, the rate of slow‐flow or no‐reflow was very low, occur
ring in <1% of patients, rates of post‐device coronary dissection were 
around 5.9%, and acute vessel closure of 0.9%, which compare 
favourably to RA series. In‐hospital TLR and death rates appear 
lower than in published RA series (with all the caveats of historical 
control comparisons). A randomized study of OA compared with 
RA would need to be performed to assess the performance of OA in 
the treatment of severe calcific coronary  disease, but early results are 
encouraging. This technology adds to the catheter laboratory arma
mentarium in the treatment of severe coronary calcification.

Conclusions
A rapidly aging population, a greater incidence of diabetes and kid
ney disease, together with improved long‐term results with contem
porary drug‐eluting stent technology has increased the complexity 
of coronary disease that is now treated by PCI. This includes severely 
calcific disease, vein graft disease, ISR, complex bifurcation disease, 
and CTO. RA, ELCA, and OA provide tools to treat these complex 
lesions, which is essential for the adequate stent tracking, expansion, 
and apposition that are the cornerstones of procedural success.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Atherosclerotic plaque disruption is a key event in the patho
physiology of acute coronary syndromes (ACS). Plaque erosion and 
rupture are identified as potential mechanisms associated with 
atherosclerotic plaque instability [1] and result in the exposure to 
the bloodstream of plaque components and procoagulant 
molecules. Subsequent intraluminal activation of the coagulative 
cascade results in platelet activation and formation of blood clot 
and thrombus [2].

Intraluminal thrombus is probably a universal feature of ACS as 
it is predominantly responsible for the accelerated process of vessel 
occlusion or subocclusion that characterizes the spectrum of ACS, 
from ST elevation ACS to non‐ST‐elevation ACS. However, the 
prevalence of thrombus‐containing lesions identifiable on angiog
raphy varies across the spectrum of coronary syndromes from 5–17 
% in patients with stable angina [3–5], to 75–90% [3–5] in patients 
with unstable angina or non‐ST‐elevation ACS [5,6], and almost 
100% patients with ST‐elevation myocardial infarction (STEMI).

Understanding the potential hazards that can be encountered 
when treating thrombotic lesions is crucial and being familiar with 
the strategies to deal with thrombus‐containing lesion is mandatory 
for an interventional cardiologist.

Initial management requires:
1 Recognition of the presence of thrombus and its quantification.
2 Understanding that a thrombus‐containing lesion is unpredicta

ble and prone to sudden evolution; during the course of the 
 procedure an apparent type A lesion with TIMI flow 3 can rap
idly evolve into a blocked vessel with TIMI flow 0 and conse
quent hemodynamic deterioration.

3 Understanding that thrombus and debris deriving from the 
 disrupted unstable plaque can embolize distally downstream 
of  the coronary microcirculation, blunting the benefit of 
revascularization.

4 Being aware that thrombotic lesions are usually associated with 
high vascular tone and this, together with the presence of throm
botic debris, presents challenges to optimal stent sizing, with 
consequent increased risks of stent underexpansion and/or 
malapposition.
Consequently, the approach to achieving a successful interven

tional outcome for a patient with thrombus‐containing lesion requires 
“recognition and a cautious respect to minimize distal embolization 
and optimize flow.” This chapter describes an interventional approach 

to managing thrombus‐containing coronary lesions. Advice on the 
adjunctive pharmacologic management of thrombotic lesions is 
detailed in Chapters 41–42.

How to deal with thrombus‐containing 
lesions
Access site
When dealing with thrombus‐containing lesions, selection of vas
cular access site is critical, especially in the setting of STEMI. There 
is no doubt that the radial approach is the preferred strategy for any 
interventional procedure and this has been confirmed recently by 
demonstration of a mortality benefit associated with a lower risk of 
bleeding with a radial than a femoral approach [7–9]. This benefit 
is especially evident in the acute setting with the potential require
ment for potent antiplatelet agents (e.g., GP IIb/IIIa inhibitors).

When faced with the potential restrictions of the radial route, 
especially in smaller female patients, patients with arterial spasm, 
or complex tortuous anatomies with radial loops or remnants [10], 
options include sheathless guiding catheters [11], or balloon‐
assisted tracking to deal with radial artery spasm. This allows access 
to the aortic root with a 6 Fr guiding catheter without needing to 
downsize to 5 Fr [12]. Starting the procedure with a 5 Fr guiding 
catheter precludes the possibility of performing thrombus aspira
tion in most left coronary cases (occasionally a 5 Fr guide can be 
used in the right coronary as a thrombus aspiration device). 
Switching to a femoral approach should be undertaken when the 
balance of risk favors this approach.

Identification of thrombus
Identification and quantification of thrombus are extremely impor
tant as they tailor the appropriate management in terms of adjunc
tive pharmacotherapy and adjunctive mechanical devices to 
minimize the occurrence of distal embolization. Recognizing that 
we are dealing with a thrombus‐containing lesion is usually 
straightforward based on the clinical presentation and angiography. 
Sometimes, however, distinguishing thrombus and calcium on 
angiography alone can be challenging. Troponin elevation prior to 
arrival in the catheter laboratory, suggesting ongoing myocardial 
damage, can be considered to be a marker of possible thrombotic 
burden but there are situations in which troponin negative patients 
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can have considerable thrombus demonstrable by angiography, as 
for example in patients with degenerate vein grafts.

Thrombus identification on angiography is considered routine 
but operators should remember that angiography has only 26% sen
sitivity in predicting the presence of thrombus [5,13]. Thrombotic 
lesions are usually identified on angiography as an area of vessel 
filling defect or vessel haziness during contrast injection. Thrombus 
can cause different degrees of vessel stenosis and blood flow impair
ment, and it is possible to find vessel occlusion with TIMI flow 0 or 
alternatively a normal flow in a non‐diseased vessel and an imposed 
area of haziness corresponding to adherent thrombotic material. 
When this type of angiographic appearance occurs in the absence of 
atherosclerosis a potential embolic pathogenesis associated with 
atrial fibrillation or paradoxical embolism should be considered.

A useful method to quantify coronary thrombus on angiography 
is represented by the Thrombus Score, proposed by Sianos et  al. 
[14]. Five classes are described with progressively increasing grav
ity: grade 0 corresponds to no angiographic evidence of thrombotic 
material; grade 1 is possible thrombus, appearing as a convex hazy 
lesion with irregular contours; grade 2 is definite thrombus ≤1/2 the 
vessel diameter; grade 3 is definite thrombus >1/2 but <2 vessel 
diameters; grade 4 is definite thrombus ≥2 vessel diameters; grade 5 

is inability of thrombus burden assessment, also after guidewire 
passage, for persistence of TIMI flow 0.

Intracoronary intravascular ultrasound (IVUS) and optical 
coherence tomography (OCT) have higher sensitivity and specific
ity than angiography and allow better thrombus definition, quanti
fication, and characterization. Historically, care was needed when 
using intracoronary imaging for thrombotic lesions but this is now 
usually safe. However, in cases of massive thrombus, high quality 
interpretable images are not possible unless anterograde coronary 
flow is established.

The high spatial resolution of OCT (Figure 23.1) allows the most 
detailed definition of thrombus, appearing as a mass attached to 
luminal surface or floating within the lumen, and even makes pos
sible the discrimination between red and white thrombus [15]. Red 
thrombus has high backscatter and high attenuation while white 
(platelet‐rich) thrombus has less backscatter, is homogeneous, and 
has low attenuation. Besides qualitative assessment, OCT offers the 
possibility for an accurate quantitative assessment of thrombotic 
burden; a number of classification criteria have been proposed 
[16–19]. Additionally, OCT can detect mechanical issues associated 
with stent thrombosis [20]. Both case series and studies have 
showed the high sensitivity and specificity of OCT in detecting 

(a2) (a3)

(b1) (b2) (b3)

(a1)

Figure 23.1 Two examples of stent thrombosis. Panels a1, b1 show the variable appearance of thrombus at coronary angiogram. In panel a1 
the vessel is completely occluded at the site of the old stent (edges highlighted by yellow arrowheads) with TIMI 0 flow. In panel b1 blood flow 
is maintained but there is a clear area of haziness at the site of the stent (yellow arrowheads). Panels a2, a3 provide the OCT appearance of the 
thrombotic lesion with clear and well detailed identification of the thrombotic material protruding toward the lumen (white arrows). The lack of 
shadowing confirms the possible “young” age of the thrombus, which looks like a white thrombus. Panels b2, b3 provide the intravenous 
ultrasound (IVUS) appearance of the thrombotic lesion. The lower spatial resolution of IVUS accounts for a less detailed definition of the 
thrombotic material, appearing as a low echogenic (black) area (pale yellow arrows). Compared with optical coherence tomography (OCT), the 
highest penetration of the ultrasound accounts for the better visualization of the whole vessel wall behind the thrombotic material.
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stent malapposition, stent underexpansion, incomplete strut cover
age, and new atherosclerosis, thus providing information about the 
pathophysiology of early and late stent thrombosis. This is espe
cially useful when excluding pharmacologic issues, such as non‐
response or early interruption of antiplatelet drugs [21,22]. 
Consequently, OCT should currently be considered the imaging 
modality of choice when investigating the mechanisms of stent 
thrombosis.

Although OCT has the best spatial resolution, IVUS has the 
advantage of providing detail about the vessel wall behind the 
thrombus. However, identifying fresh thrombus on IVUS can be 
challenging especially when flow is slow and thus careful examina
tion of images is recommended. Compared to infrared light, ultra
sound can penetrate thrombus, which appears as a non‐homogenous 
hypoechogenic (dark) intraluminal area, overlying the vessel wall 
inner surface which can be completely assessed [23]. It must be 
noted that organized thrombus usually appears more echogenic 
(gray–white) and can be difficult to differentiate from intimal 
hyperplasia or fibrous plaque. According to its collagen content it 
can produce an acoustic shadow making the thrombus hard to dis
tinguish from fibrous plaque.

Routine intravascular imaging techniques are not recommended 
when dealing with thrombotic lesions but can be useful in the fol
lowing situations:
1 Mismatch between clinical presentation and the angiographic 

appearance. Is this thrombus or calcium?
2 Uncertain non‐obstructive or partially obstructive angiographic 

plaque appearance.
3 Exact thrombotic burden quantification for research purposes.
4 Optimizing difficult stent sizing.

Wiring
Conventional workhorse guidewires are usually considered as first 
choice for wiring the vast majority of thrombus‐containing lesions, 
especially in situations in which coronary anatomy downstream to 
the culprit lesion is unknown because of vessel occlusion.

A first attempt to pass a wire is useful to “feel” the lesion typol
ogy, facilitating the initial discrimination of fresh thrombus from 
old thrombus and/or a thrombus‐containing lesion from a chronic 
total occlusion. Particular care must be taken when approaching 
the thrombotic lesions with the guidewire. The wire might (i) be 
occlusive to flow; (ii) disrupt the unstable plaque with possible dis
section; or (iii) dislodge the overlying thrombus downstream with 
possible vessel occlusion from distal embolization. The general 
rule “never let the guidewire come back from a safe position dis
tally to the target lesion” is especially valid when dealing with 
thrombotic lesions.

When a first attempt at wiring using a workhorse guidewire has 
failed it is usual to step up to a hydrophilic guidewire. The hydro
philic coating reduces friction significantly increasing the trackabil
ity, making such guidewires helpful tools in localizing channels 
through the thrombus or to negotiate the true lumen in cases of 
dissection. Recommendations in handling this type of guidewire 
are no different from those applied in the context of non‐throm
botic lesions. The low tactile sense associated with this typology of 
guidewires favours subintimal passage, coronary dissection, or per
foration. For these reasons, (i) these wires should be handled by 
experienced operators; (ii) tip wire position should always be tested 
with contrast injection before moving to the next step of the proce
dure, and (iii) ideally, whenever it is possible and safe, these guide
wires should be exchanged with a workhorse guidewire before 
moving to the next stage of the procedure.

To confirm wire position when TIMI flow is still 0 or becomes 0 
after guidewire passage, an easy approach is to gently advance a low 
profile deflated balloon and to reassess. Subsequently, if there is 
persistent uncertainty, a second approach with a microcatheter 
(FinecrossMG, Terumo, Japan; or Corasir, Asahi Intecc Co., Japan) 
can be used to visualize the distal portion of the coronary tree, thus 
confirming the position of the guidewire which can then be 
replaced with a workhorse wire.

Lesion preparation
The most serious complication during treatment of thrombus‐con
taining lesions is the occurrence of distal embolization of athero‐
thrombotic material with consequent microvascular obstruction 
and no‐reflow phenomenon. Consequently, despite evolution in 
practice, thrombus‐containing lesions continue to be associated 
with poor procedural results and higher rates of death, myocardial 
infarction, arrhythmic complications, and the need for urgent 
revascularization [24].

It has been demonstrated that thrombus manipulation during 
balloon angioplasty and stenting is associated with the “cheese 
grater” effect, leading to thrombus detachment and downstream 
washout of athero‐thrombotic debris [25].

Thrombus debulking can be achieved by two approaches: 
pharmacologic and mechanic. These strategies are not mutually 
exclusive, but can have an additive effect, especially in the setting of 
large myocardial infarction [26,27]. The first approach relies mainly 
on GP IIb/IIIa inhibitors and is dealt in detail in Chapter 42. The 
second strategy consists of mechanical prevention of distal 
embolization by either: (i) balloon and/or filter protection devices 
aiming to trap debris liberated during predilation/stenting; or 
(ii)  thrombectomy, aiming to directly remove the thrombotic 
material from the lesion site.

Proximal and distal protection devices
There are currently three main types of balloon and filter protection 
devices [28]:
1 Distal occlusion devices (Percusurge, Medtronic, Santa Rosa, 

CA, USA; TriActiv system, Kensey Nash, Exton, PA, USA).
2 Distal filters (FilterWire EX, Boston Scientific, Natick, MA, USA; 

SpiderRX and SpiderFX, ev3 Inc., Plymouth, MN, USA).
3 Proximal occlusion devices (Proxis (St. Jude Medical, St. Paul, 

MN, USA).
Distal occlusion devices mainly consist of a balloon inflated 

distally to the thrombotic lesion soon after the passage of the 
guidewire. In this way debris dislodged during predilation and 
stenting phases will be prevented from reaching the coronary 
microcirculation by the inflated balloon. The debris is then aspi
rated before the distal balloon is deflated. The main advantages 
of these devices are their relatively smaller profile (usually 
0.026–0.033 inch) and their theoretical ability to trap most 
debris including small particles and even soluble matter. 
Conversely, the main drawbacks are (i) the prolonged ischemia 
associated to distal occlusion during their application; (ii) the 
risk of proximal side branch embolization; (iii) inability to visu
alize the target vessel distally to the occlusive device; and (iv) 
potential inability to aspirate debris located at the fornices of the 
inflated balloon [28].

Distal filters consist of baskets placed distally to the lesion with 
the intention to trap debris liberated during predilation and stent
ing. At the end of the procedure, the filter packed with athero‐
thrombotic debris is retrieved by means of a “filter retriever.” The 
main advantages offered by filter devices are their ease of use, the 
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possibility of preserving distal perfusion during the adoption, and 
the possibility of keeping visualization of the target vessel distally to 
the filter device during the procedure. The main limitations of filter 
devices consist in the larger profile of the sheath (0.040–0.050 inch) 
needed to keep the filter folded during the crossing of the target 
lesion with consequent risk of dislodgement of athero‐thrombotic 
debris. The larger profile may eventually require a gentle predila
tion before the deployment of the device with increased risk of dis
tal embolization. Compared with distal occlusive devices, filter 
devices are prone to the passage of distal emboli (especially if small 
in size, e.g., <100 μm) through filter pores or between the filter and 
the vessel wall if the filter is not completely apposed to the vessel 
wall [28].

Finally, proximal occlusion devices consist of a balloon inflated 
proximally to the lesion, thus blocking blood flow and thus the 
driving force washing athero‐thrombotic debris toward the coro
nary microvasculature. Proximal protection offers theoretical 
advantages over distal protection including the ability to protect the 
distal vascular bed without first crossing the lesion with a bulky 
device, which may itself cause distal embolization. Additionally, 
some vessels are not suitable for distal protection systems because 
of the lack of an appropriate “landing zone” for the device, because 
of tortuosity, plaque disease, or both.

Of all these protection devices, only distal filters are regularly 
used in clinical practice. Their adoption has been established in 
percutaneous coronary intervention (PCI) on saphenous vein grafts 
[29,30], because randomized trials failed to show a clinical benefit 
in PCI on native vessels [31,32]. Embolization during device 
deployment, a delay to PCI due to device deployment, and “filter 
no‐reflow” occurrence have been claimed as possible mechanisms 
explaining the failure of filters in PCI on native vessels [28,33].

Thrombectomy
Theoretically, reduction of thrombus burden by thrombectomy 
should (i) prevent the risk of distal embolization; (ii) improve a bet
ter visualization of the atherosclerotic lesion; (iii) improve the eval
uation of vessel size; (iv) favor direct stenting; (v) prevent stent 
malapposition, after disappearance of the thrombus initially located 
between the stent struts and the vessel wall [34].

Two main kinds of thrombectomy devices are available: manual 
(or aspiration) and mechanical. In manual thrombectomy devices, 
thrombus aspiration is obtained by application of a suction force 
exerted by the operator. In mechanical devices, aspirating force is 
produced by specific device‐related mechanisms.

Manual thrombectomy
Manual thrombus aspiration devices consist of 6 Fr compatible dual 
lumen catheters. The smaller lumen is used to deliver the device 
over a conventional 0.014 inch guidewire over a short monorail 
rapid exchange system. The larger lumen presents one or more dis
tal apertures and is connected to a Luer lock syringe. By creating a 
vacuum in the Luer lock syringe a negative pressure is produced 
leading to aspiration of thrombotic material while crossing the 
lesion site. Figure 23.2 summarizes the main steps for the prepara
tion of the thrombus aspiration catheter.

A successful manual thrombectomy is performed by: (i) aspirat
ing while crossing the thrombus; (ii) performing multiple passes 
across the target thrombus; and (iii) aspirating while withdrawing 
the aspiration catheter back into the guiding catheter. Aspirating 
while crossing the thrombus reduces the risk of distal embolization, 
conversely aspirating during withdrawal prevents the risk that the 

aspirated thrombus is lost downstream in the coronary artery or, 
even worse, in the aorta (Figure 23.3). For this reason a deep intu
bation of the guiding catheter during thrombus aspiration catheter 
withdrawal, and complete clearance of the guiding catheter (by 
blood aspiration and/or by blood back‐spilling through the open 
valve of the Y connector) before proceeding to contrast injection 
are recommended. The optimal number of aspiration passes is 
debated but theoretically at least three passes are recommended. It 
is possible that the amount of residual thrombus detected by intra
vascular imaging could be a guide in the decision to make addi
tional catheter passes [35].

Two parameters determine the efficacy of a manual thrombec
tomy: deliverability and aspiration rate. The main technical charac
teristics of manual thrombus aspiration catheters available on the 
market are summarized in Figure 23.4. The catheter deliverability 
depends on catheter pushability and trackability and on coronary 
anatomy (tortuosity, calcifications, and vessel size). Hydrophilic 
coating, metallic braided shaft, or metallic stylet have been applied 
to the most recent generation of thrombectomy catheters to improve 
their trackability and pushability.

Aspiration rate is expressed by the formula: ∆Pπr4/8 μL [36,37]. 
The aspiration rate is thus affected positively by the depression cre
ated by the Luer lock syringe (∆P) and by the minimum radius of 
the aspiration catheter (r). Conversely, high thrombus viscosity (μ) 
and aspiration catheter length (L) negatively affect the aspiration 
rate. It is thus clear that larger lumen aspiration catheters are more 
effective at the expense of difficult application in thrombotic lesions 
located in small vessels. Similarly, thrombus aspiration perfor
mance can be hampered in very old, organized, and high viscous 
thrombi. It possible to hypothesize that modification of thrombus 
viscosity might improve the efficacy of thrombus aspiration, for 
example by local injection of GP IIb/IIIa inhibitors through dedi
cated a delivery device (Clearway RX, Atrium Medical, Hudson, 
NH, USA; Amicath, IHT, Spain) or through the thrombectomy 
catheter itself [17].

A drawback of aspiration catheters is the ability to extract throm
botic material from the region of the vessel closer to the tip of the 
device. It is logical to think that the aspiration performance is 
affected by the distance of the thrombotic material from the tip of 
the device itself. The position of the catheter within the lumen is 
definitely affected by the position of the guidewire and thus the 
“bias wire” strategy can help to improve aspiration efficacy. This 
technique consists of changing the position of the guidewire toward 
a side branch [38], thus changing the position of the thrombus 
aspiration catheter itself, eventually facilitating closer position of its 
tip toward the thrombotic lesion. Intravascular imaging helps to 
guide this maneuver by showing very high residual thrombotic bur
den after the first thrombus aspiration pass and thus favoring a fur
ther thrombectomy pass after the guidewire position has been 
changed.

Although they are user‐friendly devices, manual thrombus 
aspiration catheters are associated with several complications: 
(i)  coronary spasm; (ii) distal embolization during crossing; 
(iii) dissection; (iv) perforation; and (v) proximal displacement of 
thrombus with potential embolization down to previously unaf
fected arteries [39].

After the first studies ascertaining the benefit of manual 
thrombectomy in terms of myocardial reperfusion (assessed by 
ST resolution, myocardial blush grade (MBG) [40–45], contrast 
echocardiography [46,47], and cardiac magnetic resonance [48]), 
it was the TAPAS trial that suggested a potential benefit in terms 
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of long‐term mortality leading to a change in the guidelines. 
More recently, the TASTE trial failed to show a clear benefit from 
routine manual thrombectomy in a larger population of 7244 
patients with STEMI [49]. Notably, 40% of potential patients were 
excluded and up to two‐thirds of patients presented with a low 
thrombotic burden and allcause mortality was the primary end
point. The recently published results of the larger TOTAL study 
conducted on 10,063 patients confirmed a lack of benefit from 
routine manual thrombus aspiration [50]. In line with the previous 
smaller trial, the TOTAL trial detected a benefit of thrombectomy 
in terms of soft endpoints like ST resolution and occurrence of 
distal embolization; however, the trial showed no difference in 
major adverse cardiac event (MACE) rate at 180 days in patients 

treated with thrombectomy compared with those receiving PCI 
alone [50]. Even if a longer follow‐up is needed before drawing 
definite conclusions, it is evident that both the TASTE and 
TOTAL studies highlight the need for a more accurate use of 
thrombectomy. Accordingly, the recent European guidelines 
 recommend manual thrombectomy only in selected patients: 
those with clear evidence of high thrombotic burden and feasible 
coronary anatomy [51].

Mechanical thrombectomy
With mechanical thrombectomy devices the thrombus is first lysed 
before extraction. Thrombus lysis is achieved through different 
mechanisms according to the device adopted.

(a)

(a′)

(f′)

(g′)

a

c

b

d

(b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 23.2 The preparation of a thrombus aspiration catheter (Export Advance, Medtronic in the example). (a) Elements of the manual 
thrombus aspiration system (a, thrombus aspiration catheter; b, Luer lock syringes; c, extension tube with one‐way‐tap; d, stylet [specifically of 
the Export Advance system]). (a′). Detail of thrombus aspiration catheter tip. (b, c) Flushing tube extension and aspiration catheter. (d) Once the 
aspiration catheter is placed at the site of the target lesion the stylet is removed (this step is to be considered only for aspiration catheter with 
stylet). (e, f) Luer lock syringe is connected and vacuum is made. (f′): Detail of the one‐way‐tap orientation in this stage. (g) By opening the 
one‐way tap aspiration is started. (g′): Detail of the one‐way‐tap orientation during aspiration. (h) At the end of the aspiration the catheter is 
retrieved keeping the one‐way tap open in order to maintain aspiration during the withdrawal. (i) The syringe is emptied into the filter and 
debris collection can be assessed.
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The X‐Sizer (ev3 Inc., Plymouth, MN, USA) is an over‐the‐
wire dual‐channeled catheter with a spinning helical tip in the first 
channel, which fragments the thrombus. At the same time, a minia
ture vacuum system in the second channel removes the debris 
created.

The AngioJet rheolytic thrombectomy System (Possis Medical, 
Inc. Minneapolis, MN, USA) makes use of the Venturi effect to 
remove thrombus. Saline is injected at high pressure through small 
steel tubing by an external pump, creating an area of low pressure 
around the jet, which pulls surrounding blood, including throm
bus, into the catheter.

The ThromCat XT (Kensey Nash, Exton, PA, USA) combines 
flushing via three ports at the distal tip, with powerful suction from 
five ports, with a helix spinning at 95,000 rpm macerating the 
thrombus retrieved.

The Rinspiration System (Kerberos Proximal Solutions Inc., 
Sunnyvale, CA, USA) employs simultaneous irrigation and aspi
ration of the vessel to remove thrombus by three lumens: a 25 cm 
monorail wire lumen allows passage over a standard 0.014 inch 
coronary guidewire, a second lumen for aspiration, and a third 
lumen for injection of saline through perforations located proxi
mal to the aspiration lumen.

Mechanical thrombectomy devices have a theoretical advan
tage of better thrombus extraction and greater profiles, but lower 
flexibility and steeper learning curve are their main weak points. 
Furthermore, the high risk of device stent‐entrapment observed 
for the X‐Sizer has led to the withdraw of this device from the 
market. Randomized trials directly comparing manual with 
mechanical aspiration have reported no differences between the 
two approaches in terms of MACE, but highlighting a higher 

(a)

(b) (c)

Figure 23.3 Keeping aspiration maintaining a negative pressure in the Luer lock syringe is essential during withdrawal of the aspiration 
catheter. In this case, manual thrombus aspiration was performed in a very highly thrombotic lesion of the right coronary artery (a). During the 
first pass with the thrombus aspiration catheter, blood back‐spilling in the syringe stopped relatively soon. The thrombus aspiration catheter was 
then withdrawn and a large amount of thrombotic debris attached to the tip of the aspiration catheter was observed (b). Withdrawing the 
aspiration catheter maintaining aspiration was crucial in this case, preventing the embolization of thrombotic debris. For safety reasons the 
guiding catheter was replaced with a new one and further passes with a new thrombus aspiration catheter were performed retrieving a very 
large amount of thrombotic material (c).
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rate of successful deployment with the manual thrombectomy 
devices [52,53].

Consequently, mechanical thrombus aspiration has a niche 
role in very thrombotic lesions; for example, in patients with 
large thrombus burden located at the site of very ectatic segments 
where, for obvious “geographic” reasons, the performance of con
ventional manual aspiration catheters is expected to be limited 
(Figure 23.5).

Excimer laser
Excimer laser coronary angioplasty (ELCA) is used to reduce throm
botic burden. The system consists of an excimer laser generator 
(CVX‐300, Spectranetics, CO, USA) and a pulsed xenon‐chlorine 
laser catheter (available diameters 0.9, 1.4, 1.7, and 2.0 mm). The laser 
catheter delivers excimer energy (wavelength 308 nm, pulse length 
185 ns) with a fluence (energy per surface unit) ranging from 30 to 
80 mJ/mm2 and a pulse repetition rate ranging 25–80 Hz. Fluence 
and pulse repetition rate are parameters that the operator can 
modify to improve the performance according to the characteristics 
of the target lesion.

A safe and effective laser photo‐ablation strategy requires atten
tion to the three “S’s”: size, slow, and saline. In other words, (i) it 
is crucial to choose a laser catheter correctly sized to the target 
vessel diameter; (ii) the catheter must be advanced slowly; and 
(iii) constant saline flushing at the tip of the catheter during its 
advancement is required. Saline infusion guarantees that blood 
and contrast dye are cleared from the tip of the catheter. Blood and 
contrast dye can absorb the energy delivered by the catheter and 
favor the development of microbubbles with increased risk of 
vessel dissection.

The excimer laser produces vaporization of the thrombus 
through three mechanisms: photochemical, photothermal, and 
photomechanical [54]. The photochemical action is the result of 
UV light hitting the tissue at a rate of up to 125 billions per second, 
with a 50 μm penetration, and leading to billions of molecular 
bonds fractured per second. The photothermal effect derives from 
absorption of energy by the thrombus, with consequent molecular 
vibration and heating and vaporization of intracellular water, 
ultimately ending in cellular rupture and thrombus disruption by 
vapor bubbles. Finally, the photomechanical effect derives from 
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Figure 23.4 Summary of the main technical characteristics of the manual thrombus aspiration catheters available on the market. The technical 
characteristics are grouped according their influence on aspiration rate and trackability/pushability, which are the two main parameters 
determining the performance of a manual thrombus aspiration device.
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the vibration and collapse of vapor bubbles mechanically breaking 
down the target tissue. Excimer laser adopts light in the UV range 
and spectroscopy analysis on thrombus reveals how excimer wave
length is ideally suited for absorption by the fresh thrombus [55], 
to the point that a “platelet stunning” action has been described, 

resulting in a local, direct, and inhibitory effect on platelet aggre
gation kinetics [56].

In the CARMEL study, the excimer laser has been tested in a 
population of 151 patients with myocardial infarction resulting in 
an improvement of both residual stenosis and flow rate. Interestingly, 

(a) (b) (c)

(d) (e) (f)

(g)

Cross-section Cross-section

Longitudinal view

Longitudinal view
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Figure 23.5 Ectatic and aneurismatic coronary segments represent an anatomic scenario in which performance of manual thrombus aspiration 
can be suboptimal for evident “geographic” reason. (a, b) and (d, e) show two examples of patients with anterior ST‐elevation myocardial 
infarction (STEMI), with culprit lesion located at the site of a large aneurimatic segment containing a large amount of thrombus. The dotted red 
lines detect the contours of the aneurism, while the dotted yellow lines detect the contours of the thrombotic material. Manual thrombus 
aspiration was performed in both cases with retrieve of no thrombus in the filter (c, f). In normal vessels (g) the manual aspiration catheter is 
able to get in touch with the thrombus, with higher probability of removing both thrombus hanging in the lumen as “parietal” thrombus 
adherent to vessel wall. In large ectatic/aneurismatic segments a geographic miss because of the large dimension of the vessel accounts for the 
lower ability of the manual aspiration catheter to reach thrombotic debris, especially when adherent to the vessel wall (h). For this reason 
thrombus‐containing lesions at the site of ectatic/aneurimatic segments could be a scenario for a possible application of mechanical thrombus 
aspiration devices, known to have a theoretically higher thrombus aspiration capacity.
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the greater benefit from laser application was observed in patients 
with larger thrombotic burden [57]. Encouraging results have also 
been described in terms of improved reperfusion assessed by TIMI 
flow and MBG in patients with myocardial infarction treated with 
excimer laser [58].

Stenting
Stenting, with or without post‐dilatation, is usually the final step of 
the revascularization procedure. It has a recommendation IA 
according to the current guidelines for the treatment of patients 
with both non‐ST‐segment elevation ACS and STEMI and thus also 
with thrombotic lesions [51].

Considerations during stent deployment include: (i) stent 
 sizing, as undersizing with consequent malapposition is possible 
in the acute vasospastic environment; and (ii) the process of 
stent expansion is associated with increased risk of distal embo
lization. In order to minimize the risk of distal embolization 
associated with stenting, two modifications are currently under 
consideration. The first is deferring stenting in the acute phase, 
especially in the setting of STEMI and the second is the use of 
dedicated mesh stents.

Some studies have reported the feasibility and safety of a 
deferring stent strategy with restoration of TIMI flow by balloon 
dilatation or thrombectomy alone [59], which demonstrated a 
lower final infarct size in some patients with STEMI [60]. This 
approach needs to be tested in larger randomized clinical trials, 
but should be considered when thrombosis is evident on chronic 

or severe calcific lesions. In these cases, deferring stenting for 
a  staged rotablation‐assisted PCI or excimer laser should be 
considered.

Beside the deferring stent approach, evidence is also growing in 
favour of stents designed to reduce the occurrence of distal emboli
zation. The MGuard (InspireMD, Tel Aviv, Israel) is a newly devel
oped metal stent designed to trap the athero‐thrombotic debris 
behind a polyethylene‐terephthalate mesh anchored to the external 
surface of the struts. So far the stent has shown positive results for 
soft endpoints such as final TIMI flow and MBG, while no differ
ences have observed in terms of mortality or MACE rate compared 
to conventional bare metal stents [61].

Conclusions
In the treatment of thrombus‐containing lesions, each step of 
the  procedure, from access selection to stenting, is of crucial 
importance and requires clear planning and understanding of the 
underlying coronary anatomy and lesion characteristics. A large 
armamentarium of drugs and devices is available for the interven
tional cardiologist; however, as the TASTE trial demonstrates, 
indiscriminate adoption of every technique in every patient is not 
to be recommended. Consequently, identification of the subset of 
patients at higher risk of suboptimal final result that might benefit 
from additional or alternative strategies is desirable and this repre
sents the new challenge in the treatment of thrombus‐containing 
lesions.

Case study

A 50‐year‐old man with no previous past cardiologic history 
presented with anterior STEMI. Coronary angiogram con
firmed acute occlusion of large left anterior descending 
(LAD) (Figure 23.6a). After wiring, thrombus aspiration was 
performed and TIMI 3 flow was restored (b). Predilatation was 
then performed with 2.0 × 15 mm (c), 2.5 × 15 mm (d) semi‐
compliant balloons and even 3.0 × 15 (e) and 3.5 × 15 mm non‐
compliant balloons inflated at high pressure (up to 20 
atmospheres). In all cases, however, a complete inflation of the 
balloon (highlighted by yellow arrows in c, d, and e) was 
impossible to achieve because of possible high calcific burden. 
After a failed attempt to cross the lesion with a cutting balloon, 
the patient’s clinical condition was reviewed (patient was 
symptom‐free and TIMI 3 flow) and the procedure was stopped. 
The patient was transferred to the coronary care unit to 
complete the bivalarudin infusion and continue double 
antiplatelet therapy with 75 mg aspirin and 90 mg ticagrelor 
twice daily. A rotablation‐assisted PCI to LAD was scheduled 
within 48 hours from the index procedure.

After 48 hours the patient had a second angiogram as 
scheduled (f). Before proceeding to rotablation an intravascu
lar imaging with optical coherence tomography (OCT) was 

performed. OCT was useful because it excluded the presence 
of high residual thrombotic burden and confirmed the pres
ence of a high calcific burden (g, white arrowheads). 
Rotablation with a 1.75 mm burr was then performed. Balloon 
expansion was still limited so rotablation with a 2.00 mm burr 
was performed allowing a successful predilation with a full 
expansion of a 3.0 × 15 mm non‐compliant balloon (h). The 
procedure was then completed with stenting with a 
3.5 × 38 mm drug‐eluting stent post‐dilated with a 4.0 × 15 mm 
non‐compliant balloon, achieving a good final angiographic 
result (i).

The case shows how deferring stenting in the setting of a 
thrombus‐containing lesion is safe and should be considered 
when even an aggressive predilatation resulted in a subopti
mal outcome. In such a scenario, deferring a hemodynami
cally stable patient with good TIMI flow to a rotablation‐assisted 
PCI after 24–48 hours is a reasonable option. In this case, 
intravascular imaging not only confirmed the large calcific 
component of the plaque, but it was also useful in excluding 
large residual thrombus, thus allowing rotablation to be 
 performed with fewer concerns about the risk of distal 
embolization.
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Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Figure 23.6 Case study.



cHaPter 23 thrombus‐containing Lesions 243

of intravascular optical coherence tomography studies: a report from the 
International Working Group for Intravascular Optical Coherence Tomography 
Standardization and Validation. J Am Coll Cardiol 2012; 59: 1058–1072.

16 Porto I, Mattesini A, Valente S, Prati F, Crea F, Bolognese L. Optical coherence 
tomography assessment and quantification of intracoronary thrombus: Status and 
perspectives. Cardiovasc Revasc Med 2015; 16: 172–178.

17 Prati F, Capodanno D, Pawlowski T, et al. Local delivery versus intracoronary infu
sion of abciximab in patients with acute coronary syndromes. JACC Cardiovasc 
Interv 2010; 3: 928–934.

18 Onuma Y, Thuesen L, van Geuns RJ, et al. Randomized study to assess the effect of 
thrombus aspiration on flow area in patients with ST‐elevation myocardial infarc
tion: an optical frequency domain imaging study—TROFI trial. Eur Heart J 2013; 
34: 1050–1060.

19 Magro M, Regar E, Gutiérrez‐Chico JL, et al. Residual atherothrombotic material 
after stenting in acute myocardial infarction: an optical coherence tomographic 
evaluation. Int J Cardiol 2013; 167: 656–663.

20 Kang SJ, Lee CW, Song H, et  al. OCT analysis in patients with very late stent 
thrombosis. JACC Cardiovasc Imaging 2013; 6: 695–703.

21 Parodi G, La Manna A, Di Vito L, et al. Stent‐related defects in patients presenting 
with stent thrombosis: differences at optical coherence tomography between sub
acute and late/very late thrombosis in the Mechanism Of Stent Thrombosis 
(MOST) study. EuroIntervention 2013; 9: 936–944.

22 Prati F, Kodama T, Romagnoli E, et al. Suboptimal stent deployment is associated 
with subacute stent thrombosis: optical coherence tomography insights from a 
multicenter matched study. From the CLI Foundation investigators: the CLI‐
THRO study. Am Heart J 2015; 169: 249–256.

23 Mintz GS, Nissen SE, Anderson WD, et  al. American College of Cardiology 
Clinical Expert Consensus Document on Standards for Acquisition, Measurement 
and Reporting of Intravascular Ultrasound Studies (IVUS). A report of the 
American College of Cardiology Task Force on Clinical Expert Consensus 
Documents. J Am Coll Cardiol 2001; 37: 1478–1492.

24 Freeman MR, Williams AE, Chisholm RJ, Armstrong PW. Intracoronary thrombus 
and complex morphology in unstable angina. Relation to timing of angiography 
and in‐hospital cardiac events. Circulation 1989; 80: 17–23.

25 Okamura A, Ito H, Iwakura K, et al. Detection of embolic particles with the Doppler 
guide wire during coronary intervention in patients with acute myocardial infarc
tion: efficacy of distal protection device. J Am Coll Cardiol 2005; 45: 212–215.

26 Stone GW, Witzenbichler B, Godlewski J, et al. Intralesional abciximab and throm
bus aspiration in patients with large anterior myocardial infarction: one‐year 
results from the INFUSE‐AMI trial. Circ Cardiovasc Interv 2013; 6: 527–534.

27 Pyxaras SA, Mangiacapra F, Verhamme K, et  al. Synergistic effect of thrombus 
aspiration and abciximab in primary percutaneous coronary intervention. Catheter 
Cardiovasc Interv 2013; 82: 604–611.

28 Mauri L, Rogers C, Baim DS. Devices for distal protection during percutaneous 
coronary revascularization. Circulation 2006; 113: 2651–2656.

29 Baim DS, Wahr D, George B, et al. Randomized trial of a distal embolic protection 
device during percutaneous intervention of saphenous vein aorto‐coronary bypass 
grafts. Circulation 2002; 105: 1285–1290.

30 Stone GW, Rogers C, Hermiller J, et al. Randomized comparison of distal protec
tion with a filter‐based catheter and a balloon occlusion and aspiration system 
during percutaneous intervention of diseased saphenous vein aorto‐coronary 
bypass grafts. Circulation 2003; 108: 548–553.

31 Kelbaek H, Terkelsen CJ, Helqvist S, et al. Randomized comparison of distal pro
tection versus conventional treatment in primary percutaneous coronary interven
tion: the drug elution and distal protection in ST‐elevation myocardial infarction 
(DEDICATION) trial. J Am Coll Cardiol 2008; 51: 899–905.

32 Haeck JD, Kuijt WJ, Koch KT, et al. Infarct size and left ventricular function in the 
PRoximal Embolic Protection in Acute myocardial infarction and Resolution of 
ST‐segment Elevation (PREPARE) trial: ancillary cardiovascular magnetic reso
nance study. Heart 2010; 96: 190–195.

33 Porto I, Belloni F, Niccoli G, et al. Filter no‐reflow during percutaneous coronary 
intervention of saphenous vein grafts: incidence, predictors and effect of the type 
of protection device. EuroIntervention 2011; 7: 955–961.

34 De Luca G, Verdoia M, Cassetti E. Thrombectomy during primary angioplasty: 
methods, devices, and clinical trial data. Curr Cardiol Rep 2010; 12: 422–428.

35 Wieringa WG, Lexis CP, Diercks GF, et al. The feasibility of optical coherence tomogra
phy guided thrombus aspiration in patients with non‐ST‐elevation myocardial infarc
tion after initial conservative therapy: a pilot study. Int J Cardiol 2013; 168: 4981–4982.

36 Hara H, Nakamura M, Komatsu H, et al. Comparison of the in vitro performance 
of 6 and 7 French aspiration catheters. EuroIntervention 2007; 2: 487–492.

37 Rioufol G, Collin B, Vincent‐Martin M, et  al. Large tube section is the key to 
 successful coronary thrombus aspiration: findings of a standardized bench test. 
Catheter Cardiovasc Interv 2006; 67: 254–257.

38 Yan W, Ward MR, Nelson G, Figtree GA, Bhindi R. Overcoming limited depth 
penetration of optical coherence tomography with wire bias. JACC Cardiovasc 
Interv 2012; 5: e1–e2.

39 Serdoz R, Pighi M, Konstantinidis NV, Kilic ID, Abou‐Sherif S, Di Mario C. 
Thrombus aspiration in primary angioplasty for ST‐segment elevation myocardial 
infarction. Curr Atheroscler Rep 2014; 16: 431.

40 Svilaas T, Vlaar PJ, van der Horst IC, et al. Thrombus aspiration during primary 
percutaneous coronary intervention. N Engl J Med 2008; 358: 557–567.

41 Dudek D, Mielecki W, Burzotta F, et al. Thrombus aspiration followed by direct stent
ing: a novel strategy of primary percutaneous coronary intervention in ST‐segment 
elevation myocardial infarction: results of the Polish‐Italian‐Hungarian RAndomized 
ThrombEctomy Trial (PIHRATE Trial). Am Heart J 2010; 160: 966–972.

42 Silva‐Orrego P, Colombo P, Bigi R, et  al. Thrombus aspiration before primary 
angioplasty improves myocardial reperfusion in acute myocardial infarction: the 
DEAR‐MI (Dethrombosis to Enhance Acute Reperfusion in Myocardial 
Infarction) study. J Am Coll Cardiol 2006; 48: 1552–1559.

43 Burzotta F, Trani C, Romagnoli E, et  al. Manual thrombus‐aspiration improves 
myocardial reperfusion: the randomized evaluation of the effect of mechanical 
reduction of distal embolization by thrombus‐aspiration in primary and rescue 
angioplasty (REMEDIA) trial. J Am Coll Cardiol 2005; 46(2): 371–376.

44 De Luca L, Sardella G, Davidson CJ, et  al. Impact of intracoronary aspiration 
thrombectomy during primary angioplasty on left ventricular remodelling in 
patients with anterior ST elevation myocardial infarction. Heart 2006; 92: 951–957.

45 Lipiecki J, Monzy S, Durel N, et al. Effect of thrombus aspiration on infarct size and 
left ventricular function in high‐risk patients with acute myocardial infarction 
treated by percutaneous coronary intervention: results of a prospective controlled 
pilot study. Am Heart J 2009; 157: 583.e1–7.

46 Galiuto L, Garramone B, Burzotta F, et al. Thrombus aspiration reduces microvascu
lar obstruction after primary coronary intervention: a myocardial contrast echocar
diography substudy of the REMEDIA Trial. J Am Coll Cardiol 2006; 48: 1355–1360.

47 Liistro F, Grotti S, Angioli P, et al. Impact of thrombus aspiration on myocardial 
tissue reperfusion and left ventricular functional recovery and remodeling after 
primary angioplasty. Circ Cardiovasc Interv 2009; 2: 376–383.

48 Sardella G, Mancone M, Bucciarelli‐Ducci C, et al. Thrombus aspiration during 
primary percutaneous coronary intervention improves myocardial reperfusion 
and reduces infarct size: the EXPIRA (thrombectomy with export catheter in 
infarct‐related artery during primary percutaneous coronary intervention) pro
spective, randomized trial. J Am Coll Cardiol 2009; 53: 309–315.

49 Lagerqvist B, Fröbert O, Olivecrona GK, et al. Outcomes 1 year after thrombus 
aspiration for myocardial infarction. N Engl J Med 2014; 371: 1111–1120.

50 Jolly SS, Cairns JA, Yusuf S, et al. Randomized trial of primary PCI with or without 
routine manual thrombectomy. N Engl J Med 2015; 372: 1389–1398.

51 Authors/Task Force members. 2014 ESC/EACTS Guidelines on myocardial revascu
larization: The Task Force on Myocardial Revascularization of the European Society of 
Cardiology (ESC) and the European Association for Cardio‐Thoracic Surgery (EACTS) 
Developed with the special contribution of the European Association of Percuta
neous Cardiovascular Interventions (EAPCI). Eur Heart J 2014; 35: 2541–2619.

52 Vink MA, Patterson MS, van Etten J, et al. A randomized comparison of manual 
versus mechanical thrombus removal in primary percutaneous coronary interven
tion in the treatment of ST‐segment elevation myocardial infarction (TREAT‐MI). 
Catheter Cardiovasc Interv 2011; 78: 14–19.

53 Parodi G, Valenti R, Migliorini A, et al. Comparison of manual thrombus aspira
tion with rheolytic thrombectomy in acute myocardial infarction. Circ Cardiovasc 
Interv. 2013; 6: 224–230.

54 Fracassi F, Roberto M, Niccoli G. Current interventional coronary applications of 
excimer laser. Expert Rev Med Devices 2013; 10: 541–549.

55 Lee G, Ikeda RM, Stobbe D, et al. Effects of laser irradiation on human thrombus: 
demonstration of a linear dissolution–dose relation between clot length and 
energy density. Am J Cardiol 1983; 52: 876–877.

56 Topaz O, Minisi AJ, Bernardo NL, et al. Alterations of platelet aggregation kinetics 
with ultraviolet laser emission: the “stunned platelet” phenomenon. Thromb 
Haemost 2001; 86: 187–1093.

57 Topaz O, Ebersole D, Das T, et al. Excimer laser angioplasty in acute myocardial 
infarction (the CARMEL multicenter trial). Am J Cardiol 2004; 93: 694–701.

58 Dahm JB, Ebersole D, Das T, et al. Prevention of distal embolization and no‐reflow 
in patients with acute myocardial infarction and total occlusion in the infarct‐
related vessel: a subgroup analysis of the cohort of acute revascularization in 
myocardial infarction with excimer laser‐CARMEL multicenter study. Catheter 
Cardiovasc Interv 2005; 64: 67–74.

59 Escaned J, Echavarría‐Pinto M, Gorgadze T, et al. Safety of lone thrombus aspira
tion without concomitant coronary stenting in selected patients with acute 
myocardial infarction. EuroIntervention 2013; 8: 1149–1156.

60 Carrick D, Oldroyd KG, McEntegart M, et al. A randomized trial of deferred stenting 
versus immediate stenting to prevent no‐ or slow‐reflow in acute ST‐segment eleva
tion myocardial infarction (DEFER‐STEMI). J Am Coll Cardiol 2014; 63: 2088–2098.

61 Stone GW, Abizaid A, Silber S, et  al. Prospective, Randomized, Multicenter 
Evaluation of a Polyethylene Terephthalate Micronet Mesh‐Covered Stent 
(MGuard) in ST‐Segment Elevation Myocardial Infarction: The MASTER Trial. 
J Am Coll Cardiol 2012; 60: 1975–1984.



244

Interventional Cardiology: Principles and Practice, Second Edition. Edited by George D. Dangas, Carlo Di Mario, and Nicholas N. Kipshidze. 
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.

Balloon angioplasty was the only available treatment in the early 
days of percutaneous coronary intervention (PCI). Major 
 drawbacks of balloon angioplasty alone were elastic recoil, acute 
vessel closure, and restenosis [1]. The development of coronary 
artery stents subsequently revolutionized the field of interven
tional cardiology, virtually eliminating elastic recoil and acute 
vessel closure [1,2], but they also introduced the new problem 
of stent thrombosis and were still limited by relatively high rates 
of in‐stent restenosis [3,4]. Bare metal stents (BMS) were suc
ceeded by drug‐eluting stents (DES) which currently are the 
standard of care for treating most coronary artery lesions [5]. 
Nonetheless, balloon angioplasty is still an integral part of inter
ventional cardiology in the current era. Lesion preparation by 
predilation is vital for allowing stent delivery to severely nar
rowed and calcified lesions. This is particularly important in the 
current era of bioresorbable vascular scaffolds (BVS) which 
require meticulous lesion preparation before implantation [6]. 
A number of specialized balloons such as cutting balloons and 
scoring balloons have been developed to facilitate lesion prepa
ration. Moreover, several specialized balloons have been devel
oped specifically for a dedicated  purpose, for example a short 
gliding balloon which can be employed for side branch ostial 
dilatation in bifurcation lesions, or the clearway catheter which 
is designed for intracoronary delivery of pharmaceutical agents 
[7–11]. Finally, a new class of drug‐coated balloons have been 
developed which show great potential in treating in‐stent reste
nosis lesions and de novo lesions [12]. This chapter provides an 
overview of specialty balloons currently used in the field of 
interventional cardiology.

Cutting and scoring balloons
Cutting balloons were introduced in the early 1990s in an attempt to 
limit vascular injury and elastic recoil [13]. On a cutting balloon a 
number of cutting edges of small metal blades are mounted on the 
surface of the balloon along the longitudinal axis. As compared with 
regular angioplasty balloons, cutting balloons were hypothesized to 
have an advantage by cutting into the media with a sharp incision, 
inducing less medial smooth muscle cell stretch leading to fewer 

stimuli for intimal proliferation. Although the initial clinical experi
ence with the cutting balloon was favorable [14], the introduction of 
coronary artery stents proved more effective at reducing restenosis 
and reducing acute vessel closure [1,2], thus reducing the indications 
for using a cutting balloon. Current European Society of Cardiology 
(ESC) guidelines mention that preparation and debulking with a 
cutting balloon may be useful in highly calcified, rigid, ostial lesions 
[15]. The American College of Cardiology/American Heart 
Association (ACC/AHA) guidelines include a class III recommen
dation (level of evidence A) stating that cutting balloon angioplasty 
should not be performed routinely during PCI [16]. There is also a 
class IIb recommendation (level of evidence C) stating that cutting 
balloon angioplasty might be considered to avoid slippage‐induced 
coronary artery trauma during PCI for in‐stent restenosis or ostial 
lesions in side branches.

Scoring balloons are composed of a minimally compliant bal
loon encircled by a scoring element (typically a wire) which cre
ates focal concentrations of dilating force, minimizing balloon 
slippage and assisting in the expansion of stenotic coronary arter
ies. Essentially this recreates the local environment of a regular 
balloon inflation alongside a “buddy wire” which is embedded 
into the lesion and also acts as an anti‐slippage element. Starting 
with the FX‐minirail (Abbott Vascular, no longer manufactured), 
several different types of scoring balloons are currently commer
cially available, the most common being the AngioSculpt Scoring 
Balloon Catheter (AngioScore, Fremont, CA, USA), which is a 
conventional nylon‐blend balloon encircled with spiral nitinol 
scoring wires, and the Scoreflex scoring catheter (OrbusNeich, 
Hong Kong, China), which has only one protruding element on 
the surface of the balloon; it has an extremely short tip which 
wraps the guidewire used to deliver the device longitudinally 
along the balloon as a second scoring element. Their use has 
evolved in similar indications as the cutting balloon. The 
AngioScore balloon has been tested in a small cohort (n = 93) of 
patients undergoing PCI of bifurcation lesions with a provisional 
side branch stenting approach and DES in the main branch [17]. 
At 9‐month follow‐up this simple provisional strategy for complex 
true bifurcation PCI resulted in low rates of target lesion revascu
larization (3.3%).
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the Glider balloon in coronary 
bifurcation lesions
The Glider balloon (TriReme Medical, Pleasanton, CA, USA) is a 
short balloon (4 mm) that is specifically designed for use in bifurca
tion lesions. In the most commonly used technique for bifurcation 
lesion PCI, provisional side branch stenting, final kissing balloons 
to correct carina shift after deployment of the main vessel stent is 
frequently performed. However, final kissing balloons can be 
 technically challenging because of challenges in crossing the main 
vessel stent struts with a balloon. The Glider balloon is designed 
with an oblique cut at the distal tip to facilitate crossing into the 
side branch: once the shorter aspect of the oblique tip has stopped 
at the difficult to cross side branch ostium, the balloon is rotated 
and the longer aspect of the balloon is then expected to emerge 
beyond the ostium allowing opening of the strut with inflation. In 
theory, because of its short length (4 mm) it also minimizes the risk 
of side branch dissection [18].

An observational study in 236 consecutive bifurcation lesions 
where final kissing balloon dilatation was attempted reported suc
cessful kissing balloons with conventional angioplasty balloons in 221 
lesions (93.5%) [11]. In the 15 lesions where conventional balloons 
did not pass, the Glider balloon crossed in 12 patients (80%). Similar 
results were reported in another registry study comprising 125 
patients with 131 bifurcation lesions [19]. These data suggest that the 
Glider balloon is a useful bail‐out device for recrossing stent struts in 
bifurcation stenting if conventional angioplasty balloons fails.

Clearway catheter for intracoronary 
drug delivery
The Clearway catheter (Atrium Medical, Hudson, NH, USA) is a 
microporous PTFE balloon mounted on a 2.7 Fr rapid exchange 
catheter which has been investigated in patients undergoing pri
mary PCI for ST‐segment elevation myocardial infarction (STEMI). 
This balloon occludes coronary blood flow, contains the thrombus, 
and allows for local infusion of a pharmaceutical agent [20]. It was 
investigated in the INFUSE‐AMI trial (intracoronary abxicimab 
infusion and aspiration thrombectomy in patients undergoing per
cutaneous coronary intervention for anterior ST‐segment elevation 
myocardial infarction) which randomized 452 patients with an 
anterior STEMI and an occluded proximal or mid left anterior 
descending coronary artery (LAD) [10]. All patients underwent 
primary PCI using bivalirudin and were randomized in a 2 × 2 
 factorial design to one of four arms:
1 Local infusion of the glycoprotein IIb/IIIa platelet inhibitor 

abciximab using the Clearway catheter and thrombus aspiration 
using a manual thrombus aspiration device

2 Local infusion of abciximab but no thrombus aspiration
3 Thrombus aspiration but no abciximab infusion, or
4 No abciximab infusion and no thrombus aspiration.
In this relatively small study, infarct size at 30‐day follow‐up was 
significantly smaller in patients treated with local infusion of abcix
imab, but not in patients undergoing manual thrombus aspiration.

Flash Ostial dual balloon angioplasty 
catheter
This specialized balloon catheter (Cardinal Health, CA, USA) is 
designed to address the protrusion of stent struts to the aorta when 
a stent is placed in an aorto‐ostial lesion. It is designed to use as the 

final step of angioplasty/stent implantation. It consists of a balloon‐
in‐balloon technology and is delivered as a monorail over a 0.014 
inch wire. The inner balloon is inflated first (nominal diameter to 
the stent implanted) and anchors at the ostium; then the outer (soft) 
balloon is inflated which dilates up to 20 mm within the aorta, 
thereby pushing the protruding struts toward the aortic wall. 
Ideally, this facilitates strut apposition and allows easier re‐engage
ment of catheters at future procedures. The current sizes allow its 
use in left and right coronary as well as renal and subclavian 
procedures.

Drug‐eluting balloons
Drug‐eluting balloons, also often referred to as drug‐coated balloons, 
were designed to facilitate local delivery of anti‐restenotic drugs. By 
using highly lipophilic drugs, short contact times of a few minutes are 
sufficient for adequate drug delivery. The majority of drug‐eluting 
balloons currently used in clinical practice elute the cytotoxic drug 
paclitaxel, which is also sometimes used on drug‐eluting stents 
(DES). However, most current DES types elute an  analogue of the 
anti‐inflammatory and cytostatic drug sirolimus. Paclitaxel is excel
lently suited for use on drug‐eluting balloons because of its rapid 
uptake and prolonged retention into the coronary vessel wall [21]. 
Given the paclitaxel‐eluting DES have not fared as well as the DES 
eluting limus‐type drugs, reservations remain on whether the pacli
taxel‐eluting balloons indeed represent the maximum capacity this 
technology offers. Recent developments in drug delivery have led to 
sirolimus (analogue) ‐eluting balloons using nanomicrospheres. By 
using lipophilic nanospheres to encapsulate the drug, the uptake of 
the drug can be enhanced by the increased lipophilicity and the dura
tion of drug elution can be lengthened by  regulating drug release 
from the nanosphere–drug complexes. Studies using these novel 
nanotechnology‐based sirolimus (analogue)‐eluting balloons are 
currently being performed and are anticipated over the next years. In 
the following section, the drug‐eluting balloons discussed are all 
paclitaxel‐eluting balloons.

DEB in in‐stent restenosis lesions
The widespread use of second‐generation DES has drastically 
reduced the incidence of in‐stent restenosis (ISR), a common prob
lem with BMS [22]. Nonetheless, ISR still occurs in 2–10% of 
lesions treated with DES, depending on stent type and lesion char
acteristics, and is notoriously hard to treat [4]. DES ISR can be 
treated by repeat placement of a DES, but concern exists about 
negative consequences of having multiple layers of stent [23]. 
Therefore, a drug‐eluting balloon may be well suited for treatment 
of ISR lesions, allowing for acute lumen gain and local delivery of 
antiproliferative pharmaceutical agents.

The safety and efficacy of the drug‐eluting balloon for treatment 
of BMS ISR was established in the small PEPCAD II (paclitaxel‐elut
ing PTCA‐balloon catheter in coronary artery disease) randomized 
trial which enrolled 131 patients with BMS ISR who were randomly 
allocated to treatment with a TAXUS paclitaxel‐eluting stent or a 
drug‐eluting balloon [24]. At 6 month‐angiographic follow‐up, in‐
segment lumen loss was significantly lower in the drug‐eluting 
 balloon group (0.17 ± 0.42 vs. 0.38 ± 0.61 mm; p = 0.03), with binary 
restenosis rates (defined as >50% stenosis) of 20% in the TAXUS 
group and 9% in the drug‐eluting balloon group (p = 0.08). At 3‐year 
clinical follow‐up, rates of target lesion revascularization (TLR) were 
9.1% in the drug‐eluting balloon group and 18.5% in the TAXUS 
group (p = 0.14) [25].
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The performance of drug‐eluting balloons in the treatment of DES 
ISR was evaluated in the ISAR‐DESIRE 3 (intracoronary stenting 
and  angiographic results: drug‐eluting stent in‐stent restenosis: 
3 treatment approached), PEPCAD China ISR, and RIBS IV (resteno
sis intra‐stent of drug‐eluting stents: drug‐eluting balloon versus 
 everolimus‐eluting stent) randomized controlled trials [26–28]. These 
studies showed that using a paclitaxel‐eluting balloon results in com
parable or superior outcomes compared with using paclitaxel‐eluting 
DES in ISR lesions. However, the RIBS IV trial, which compared the 
paclitaxel‐eluting balloon with the second generation everolimus‐
eluting stent, reported superior outcomes in terms of angiographic 
(late loss) and clinical (TLR) endpoints with the everolimus‐eluting 
stent [27]. Another recent observational study raised concerns about 
the durability of the efficacy of the drug‐eluting balloon in 468 patients 
with 550 ISR lesions (of which 436 lesions were DES ISR; 79.3%) [29]. 
Patients underwent quantitative coronary angiography analysis at 
6 and 18 months after the index procedure. At 18 months, late lumen 
loss was significantly greater in patients with DES ISR compared with 
BMS ISR. Moreover, in the DES ISR group, approximately 25% of 
patients underwent TLR after 18 months. These results underscore 
the complexity of the problem of DES ISR and suggest that DES ISR 
treatment with drug‐eluting balloons could benefit from more aggres
sive lesion preparation, for example with scoring or cutting balloons 
before deployment of the drug‐eluting balloon.

DEB in de novo lesions
Drug‐eluting balloons have also been used for treatment of de novo 
coronary artery lesions, either by themselves, or combined with 
BMS implantation. A small study randomized 30 patients with a 
single de novo coronary artery lesion to treatment with BMS alone, 
predilatation with a drug‐eluting balloon followed by BMS implan
tation, or BMS implantation followed by postdilatation with a drug‐
eluting balloon. In this small study, angiographic outcomes were 
better when drug‐eluting balloons were used, with no difference 
between use before or after BMS implantation [30].

This potential clinical application of drug‐eluting balloons was 
coined as a potentially safe alternative to first‐generation drug‐elut
ing stents, which were hampered by high rates of very late stent 
thrombosis [31]. However, the introduction of second‐generation 
DES with biocompatible or bioresorbable polymers eluting siroli
mus or its analogues has since been proven to be a safer and more 
effective alternative to first generation DES with better angio
graphic results compared with drug‐eluting balloons for de novo 
coronary artery lesions [5,32].

Nonetheless, drug‐eluting balloons could be an attractive treat
ment option for small coronary vessels which was first studied in 
the small (n = 182) randomized BELLO (balloon elution and late 
loss optimization) trial [33]. Patients undergoing PCI of a lesion 
with a reference vessel diameter <2.8 mm by visual estimation 
were  randomized to treatment with a drug‐eluting balloon and 
 provisional BMS (which was used in 20% of patients) or a TAXUS 
paclitaxel‐eluting stent. At 2‐year clinical follow‐up, TLR rates were 
numerically lower in the drug‐eluting balloon group (6.8% vs. 
12.1%; p = 0.25). A major shortcoming of this study is the fact that 
paclitaxel‐eluting DES were used, whereas next generation everoli
mus‐eluting DES have been shown to yield superior outcomes in 
terms of repeat revascularization and death/myocardial infarction 
compared with paclitaxel‐eluting DES [34].

The drug‐eluting balloon has also been investigated in bifurcation 
lesions, where they may form an attractive option to minimize side 
branch restenosis. The BABILON trial (paclitaxel‐coated balloon 

catheter in bifurcated coronary lesions) enrolled 108 patients with 
de novo bifurcation lesions which were randomized to treatment 
with provisional T‐stenting with BMS or everolimus‐eluting DES. In 
this study, all patients underwent sequential main branch and side 
branch dilatation with a drug‐eluting balloon [35]. At 2‐year clinical 
follow‐up, angiographic outcomes were similar for the side branches. 
However, in the main branches, everolimus‐eluting DES implanta
tion led to reduced TLR rates compared with BMS implantation 
(3.6% vs. 15.4%; p = 0.045). Therefore, the role for drug‐eluting bal
loons in de novo coronary artery lesions seems  limited to treatment 
of side branches in bifurcation lesions or vessels with small reference 
diameters that do not allow for stent implantation.

DEB in acute myocardial infarction
The use of drug‐eluting balloons in acute myocardial infarction 
has been investigated because it theoretically eliminates the risk 
of stent thrombosis after primary PCI. To date, a total of two non‐
randomized observational studies have reported on the use of 
drug‐eluting balloons in the setting of acute myocardial infarction. 
A  100‐patient registry from a large tertiary referral center in the 
Netherlands showed that a drug‐eluting balloon‐only strategy was 
feasible in 41 patients, while 59 patients required additional stenting 
[36]. At 1‐year clinical follow‐up, two patients had died, while three 
patients had undergone TLR. Another non‐randomized study of 
40 patients with STEMI undergoing primary PCI with drug‐eluting 
balloons showed less favorable results with the drug‐eluting balloon 
[37]. At 6‐month clinical follow‐up, seven major adverse cardiovas
cular events occurred (17.5%); one non‐cardiac death, five TLRs, 
and one target vessel revascularization. Given the conflicting results 
of these two studies, the role of the drug‐eluting ballon in primary 
PCI is currently not clear, and more research is needed to provide 
additional data on safety and efficacy of this treatment strategy.

Conclusions
Specialized balloons of several types have been developed, each with 
their own clinical applications. In most day‐to‐day PCI cases, 
“standard” compliant and non‐compliant balloons are sufficient. 
Nonetheless, specialized balloons are of particular value in select 
situations, and can be used to optimize lesion preparation (cutting 
balloon, scoring balloon), to treat ISR (cutting balloon, scoring bal
loon, and drug‐eluting balloon), intracoronary drug delivery (clearway 
catheter), or treatment of side branches in bifurcation lesions (Glider 
balloon, drug‐eluting balloon). Further research is needed to estab
lish the applicability of novel sirolimus (analogue) ‐eluting balloons, 
and the use of drug‐eluting balloons in de novo coronary artery 
disease and acute myocardial infarction.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Coronary dissection, perforation, and the no‐reflow phenomenon 
are some of the most dreaded complications occurring in the cathe
terization laboratory and have been associated with a high rate of 
major adverse outcomes [1–14]. Although operator experience, 
equipment, drugs, and device technology continually improve, 
major dissection, abrupt closure, arterial perforation, and no‐reflow 
remain the primary reasons for failure of percutaneous coronary 
intervention (PCI). While some instances of these complications are 
subtle, others are dramatic and can result in abrupt vessel closure, 
myocardial infarction, need for urgent coronary artery bypass sur
gery, pericardial tamponade, heart failure, cardiogenic shock, and 
even death. As a result, interventional cardiologists need to be vigi
lant for these complications and initiate therapy without delay. 
Improvements in PCI technique and equipment, primarily with the 
widespread use of coronary stents, has significantly decreased the 
incidence of acute closure and the need for emergency revasculari
zation. Furthermore, innovative percutaneous approaches to the 
management of coronary perforation have included the use of cov
ered stents and microcoil vessel occlusion. This chapter discusses the 
risk factors, recognition, and contemporary approach to managing 
peri‐procedural complications related to PCI.

Coronary artery dissection
Dissection following PCI
By definition, separation of the media by hemorrhage with or with
out an associated intimal tear is termed coronary artery dissection. 
PCI depends upon mechanical dilatation of the artery or ablation of 
atherosclerotic plaque and is therefore essentially associated with 
plaque fracture, intimal splitting, and localized medial dissection; 
these tears can extend into the media for varying distances and 
degrees, and even extend through the adventitia resulting in frank 
perforation. Historically, acute vessel closure is the most feared 
complication of coronary artery dissection, and in the pre‐stent era 
occurred in 2–14% of patients [15–19]. Subsequently, because of 
improvements in PCI technique and equipment, primarily the 
widespread use of coronary stents—compared to balloon angio
plasty—acute closure and the need for emergency coronary artery 
bypass surgery (CABG) have decreased significantly, despite the 
increasing complexity of cases. In contemporary interventional 

practice, including the use of stents in patients with moderate to 
high risk acute coronary syndromes, the incidence of abrupt vessel 
closure is less than 1% [20], and most laboratories report emer
gency CABG rates below 0.5% [21].

Dissections have been classified by the National Heart, Lung, and 
Blood Institute (NHLBI) according to their angiographic appear
ance [22,23]. The modified NHLBI criteria defined dissection as 
angiographically detectable intimal or medial damage manifesting 
as a radiolucent area within the vessel or as an extravasation of 
 contrast medium after an interventional procedure. These criteria 
were refined into a more detailed classification system and are 
graded based upon their angiographic appearances as types A–F 
(Table 25.1). Type A dissections represent minor radiolucent areas 
within the coronary lumen during contrast injection, with little or 
no persistence of contrast after the dye has cleared. Type B dissec
tions are parallel tracts or a double lumen separated by a radiolucent 
area during contrast injection, with minimal or no persistence after 
dye clearance (Figure 25.1). Type C dissections appear as contrast 
outside the coronary lumen (“extraluminal cap”), with persistence 
of contrast after dye has cleared from the lumen (Figure 25.2). Type 
D dissections represent spiral (“barber shop pole”) luminal filling 
defects, frequently with excessive contrast staining of the dissected 
false lumen (Figure 25.3). Type E dissections appear as new, persis
tent filling defects within the coronary lumen (Figure 25.4). Type F 
dissections represent those that lead to total occlusion of the coro
nary lumen without distal antegrade flow (Figure 25.5) [24].

During the balloon angioplasty era, some studies have attempted 
to distinguish minor dissections from detrimental major ones. In 
general, type A and B dissections are clinically benign and do not 
adversely affect procedural outcome. Conversely, types C–F are 
considered major dissections and carry a significant increase in 
morbidity and mortality. Major dissections are characterized by 
numerous morphologic features: (i) a linear intraluminal filling 
defect or luminal staining evident in two projections; (ii) a linear 
filling defect extending greater than 20 mm; and (iii) dissection 
types C–F according to NHLBI criteria [25]. Major dissections also 
create intraluminal filling defects of sufficient size to produce a 
reduction in luminal diameter of at least 50% and/or a reduction in 
distal coronary flow. Huber et al. [25] demonstrated that abrupt clo
sure, myocardial infarction, and bypass grafting occurred in fewer 
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than 3% of patients with NHLBI type B dissections. Conversely, 
 dissection types C–F were associated with complication rates of 
12–37%. Persistent extraluminal contrast, new persistent filling 
defects, and spiral dissections portend adverse clinical outcomes.

Previous studies in the pre‐stent era identified risk factors for the 
development of coronary artery dissection. Angiographic predictors 
include calcified lesions, eccentric lesions, long lesions, complex 

lesion morphology (ACC/AHA type B or C), and vessel tortuosity. 
A balloon to artery ratio >1.2 also predisposes to  dissection [26,27].

The dissection can occur after overly vigorous attempts at guide
wire passage, following balloon predilatation before the planned 
stent implantation, or even after stenting.

Stent edge dissections are common as the junction between stent 
metal—and more recently between bioresorbable vascular scaffold 
(BVS) strut—and reference segment tissue is a site of compliance 
mismatch (Figure 25.6). Intracoronary ultrasound (IVUS) or optical 
coherence tomography (OCT) does not seem to predict coronary 
dissection on preintervention analysis of lesion morphology or 
plaque composition [28]. A recent study evaluated the frequency, 
predictors, and detailed assessment of OCT detected stent edge dis
sections in 230 patients. The overall incidence of OCT‐detected edge 

(a) (b)

Figure 25.1 Type B dissection after balloon dilatation at right coronary artery (a). Notice the radiolucent parallel track at proximal and mid 
segments of the vessel (arrows) (b). 

Figure 25.2 Type C dissection at diagonal branch after balloon 
dilatation. The arrow shows a focal and persistent extraluminal 
dye contrast. 

Table 25.1 National Heart, Lung and Blood Institute (NHLBI) 
classification system for coronary artery dissection types. Types 
A and B are generally clinically benign, whereas types C–F portend 
significant morbidity and mortality.

Type A Coronary dissection with only minor radiolucent areas 
within the coronary lumen without a reduction in 
coronary flow

Type B Minimal or no dye persistence in the presence of 
parallel track or a double lumen separated by a 
radiolucent area during contrast injection

Type C Dissection with persistent extraluminal dye after 
contrast injection

Type D Spiral dissection

Type E Dissection with new and filling defects

Type F This dissection does not fit any of the above types A–E 
and is associated with impaired flow or total occlusion 
of the vessel
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dissection was 37.8%, and most (84%) of them were not apparent on 
angiography. Additional stenting was performed in one‐fourth of all 
dissections, which were longer, had bigger  dimensions, and pro
moted deeper vascular injury. Of note, non‐flow‐limiting, small, and 
superficial dissections left untreated proved benign over time [29].

Ischemic complications in the current era usually occur as mani
festations of edge dissections after metallic stent or BVS implanta
tion, which can predispose to device thrombosis. The treatment of 
coronary edge dissection with stent implantation depends on the 
combination of angiographic assessment, flow assessment, and signs 
or symptoms of ischemia. Minor dissections should not be treated 
unless they result in lumen compromise; the vast majority have 
sealed when imaged at follow‐up. In contrast, larger dissections are 

associated with an increased risk of progression to total occlusion 
(abrupt closure) of the treated arterial segment [16,25]. The poten
tial strategies of treatment include: (i) stent implantation; (ii) bypass 
surgery; or (iii) medical treatment alone. The choice of stenting vs. 
conservative management or surgery is therefore made on a case‐by‐
case basis. In general, in the vast majority of dissections necessitating 
treatment, stent implantation is the first choice [29].

Intramural hematoma is a variant of dissection. By IVUS or OCT, 
intramural hematomas are typically crescent‐shaped, with straight
ening of the internal elastic membrane (Figure  25.7). In general, 
unless focal, superficial, and small, an intramural  hematoma should 
be treated because of the propensity for propagation and lumen 
compromise.

Figure 25.3 Type D dissection at right coronary artery after balloon 
dilatation for planned stent implantation. Despite the spiral dissection, 
there is no flow impairment.

Figure 25.4 Type E dissection. A spiral dissection at the right coronary 
artery after balloon angioplasty dilatation for stenting. Notice the 
extensive filling defects (arrows) with lumen narrowing at the mid 
portion of the artery.

Figure 25.5 Mild disease at circumflex artery by angiogram. Diagnostic IVUS was performed to interrogate the plaque stenosis. During the 
procedure a type F dissection has been observed; notice the spiral dissection (arrows) associated with total occlusion of the vessel.



(b)(c)

(a)

Figure 25.6 Distal edge dissection by angiography and optical coherence tomography (OCT). Left anterior descending artery in the anterior– 
posterior cranial view after two Absorb bioresorbable vascular scaffold (BRS) implantations. Note a subtle distal edge dissection by angiography 
(arrows). OCT shows that the BRS struts are well apposed and expanded (a, arrows); note a deep edge dissection just beyond the BRS struts 
involving the intima and media with a flap (b, arrows). (c) is a magnified image.

(a)

(b)

Figure 25.7 Edge coronary hematoma with true (a) and false (b) lumen by Optical coherence tomography (OCT). Right coronary artery in LAO 
view pre (left) and post (middle) after Absorb bioresorbable vascular scaffold (BRS) implantation. There is no sign of distal edge dissection by 
angiography. OCT (right) shows that BRS struts are well apposed and expanded (a, arrows); there is also a small hematoma/dissection behind 
the struts (a in panel a); note an edge hematoma from 11 to 5 o’clock (a in panel b) with crescent shape, but with no lumen compromise b.
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Guide catheter‐induced dissection
The incidence of iatrogenic coronary artery dissection at the time 
of cardiac catheterization or PCI is not known. Catheter‐induced 
dissection with retrograde extension to the aortic root is rare and 
has been estimated to occur in approximately 0.008–0.02% of diag
nostic catheterizations and 0.06–0.07% of PCIs (Figure  25.8) 
[30,31]. The natural history of catheter‐induced coronary artery 
dissections is varied. In some cases, dissections lead to acute closure 
of the vessel with myocardial infarction [32]. In other circum
stances, retrograde extension of the dissection back to involve the 
aorta can occur [33,34], and in other cases, dissections of the coro
nary artery have been associated with persistently normal (TIMI‐3) 
flow without ischemia, and have healed without any intervention 
[35]. Several factors are associated with increased risk for catheter‐
induced artery dissection:
1 Left main disease
2 Use of Amplatz‐shaped catheters
3 Catheterization for acute myocardial infarction
4 Catheter manipulations
5 Vigorous contrast media injection
6 Deep intubations of the catheter within the coronary artery
7 Variant anatomy of the coronary ostia, and
8 Vigorous, deep inspiration [36], and the recanalization of chronic 

total occlusion (CTO) [37].
The management of catheter‐induced coronary dissection 

depends on the patency of the distal vessel and the extent of prop
agation of the dissection. In general, in the presence of myocar
dial ischemia or acute closure, PCI or CABG is mandated to 
prevent acute myocardial infarction or even death. There have 
been reports of successful outcomes with coronary artery stenting 
[38] and CABG [32,39]. Nevertheless, in the absence of ischemia 
the therapeutic options are less clear. Conservative management 
of guide catheter‐induced coronary artery dissection has met 
with successful outcomes in selected patients [32,35]. The choice 
of stenting vs. conservative management is therefore made on a 
case‐by‐case basis.

Coronary artery perforation
Incidence
Coronary artery perforation represents a disruption of the vessel wall 
through the intima, media, and adventitia. Coronary per foration 
can engender localized pseudoaneurysm, perivascular hematoma, 
arterioventricular fistula, or hemopericardium. Angiographically, a 
perforation is defined as evidence of extravasation of contrast 
medium or blood from the coronary artery, during or following 
PCI. Few data are available on the true incidence of coronary perfo
ration with balloon angioplasty alone. Various case series, many of 
which include the use of atherectomy devices, report an incidence 
ranging from 0.1% to 0.9% [2,25,40–43]. Some studies have 
described the incidence of coronary perforation to be 2–10 times 
higher in all published series using atheroablative techniques 
(directional atherectomy, excimer laser, rotablator, and translumi
nal extraction catheter) than with balloon angioplasty with or with
out stenting [44,45]. Ellis et al. [1] have reported the first large‐scale 
series reflecting practice in 1990 and 1991. Of 12,900 procedures, 
0.5% were complicated by coronary perforation. The incidence of 
perforations with balloon angioplasty alone was 0.1%, while that 
associated with rotablation was 1.3% and with excimer laser was 
1.9%. The excimer laser probably carries the highest risk of coro
nary perforation (up to 3%) [1,46]. However, the device‐related 
learning curve can also explain the higher rates of complications. 
For example, in a series, coronary perforation in conjunction with 
excimer laser use occurred in 1.2% of 3000 consecutive patients, but 
decreased to 0.3% in the last 1000 patients [46]. Other important 
information emerged from the Ellis et al. report. First, over‐sizing 
of the angioplasty balloon was one of the key causes of perforation. 
Second, and most importantly, the development of cardiac tampon
ade was associated with high mortality (20%).

The actual incidence of guidewire‐related coronary perforation is 
most likely higher than reported because it remains unrecognized 
and self‐limited in several cases. The incidence of coronary perfora
tion by the guidewire was 0.21% in the series by Dippel et al. [41] 
and 0.36% in the series by Fukutomi et al. [42]. In the later series, 
perforation occurred at the treatment site in 12 cases, in a distal ves
sel in 10 cases, and could not be localized in 5 cases [42]. In the 
series by Witzke et al. [47], coronary perforation by guidewire use 
was observed in 20 of 39 cases (51%). Of these cases, perforations 
occurred while trying to cross the lesion with a guidewire in 11 
patients (55%). Based on these data, the authors emphasized that the 
distal migration of the guidewire is an important factor contributing 
to coronary perforation, and that meticulous care of the guidewire 
should be taken, especially in patients treated with glycoprotein 
platelet (GP) IIb/IIIa receptor inhibitors. The use of hydrophilic‐
coated guidewires, especially in complex cases, can be associated 
with higher rates of distal perforation than non‐hydrophilic wires 
because of wire migration.

In the largest experience thus far assessing the incidence and out
comes of coronary perforation, our group analyzed of 12,921 
patients treated with PCI in three randomized trials: REPLACE‐2, 
ACUITY, and HORIZONS‐AMI [48]. We found that coronary per
foration occurred in 0.27% of cases. Noteworthy, at 30 days, patients 
with versus those without coronary perforation had significantly (all 
p values <0.001) higher rates of 30‐day mortality (11.4% vs. 1.0%), 
myocardial infarction (MI) (Q‐wave, 22.9% vs. 5.7%; non‐Q wave, 
17.1% vs. 4.9%), target vessel revascularization (TVR) (20.1% vs. 
1.8%), and composite endpoint of death/MI/TVR (31.4% vs. 7.8%). 
The proportion of perforation that progress on to tamponade ranges 
between 10% and 50%. In Fejka et al.’s series [44], almost 50% of 

Figure 25.8 Catheter‐induced dissection with retrograde extension 
of the dissection back to involve the aorta root (black arrows). Notice 
the spiral dissection with narrowing at the right coronary artery 
(white arrows).
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those developing tamponade died. Of note, of 31 cases of tampon
ade, 14 presented more than 4 h after the procedure. The mortality 
of these later presenters was lower than those who had a more pre
cipitous course within the catheterization laboratory (21% vs. 59%), 
but it was still considerable. In addition, according to the authors it 
was not possible to identify by angiography the bleeding point 
 leading to tamponade in 10 of the 14 late presenters, suggesting 
that the most likely mechanism was guidewire distal branch perfo
ration. In our study [48], mortality of the patients who developed 
 hemopericardium and tamponade  following perforation was 80%.

In cases involving CTOs, perforations from the use of stiff guide
wires are the most commonly observed type, mainly divided into: 
(i) perforation of the false lumen while advancing a stiff wire into the 
false lumen; and (ii) distal small branch perforation after crossing a 
CTO lesion. The most important recommendation during CTO 
angio plasty is to not advance any device over the guidewire unless the 
operator is sure of where the distal end of the guidewire lies. In general, 
special treatment is not required for false lumen perforation because it 
usually disappears after dilatation of another false lumen. However, if 
a device is advanced over the guidewire through the perforation, this 
usual self‐limited complication can become a life‐threatening situa
tion. In distal small branch perforations, the most important con
sideration is performing careful observation via angiography. These 
perforations can cause late tamponade because the operator is often 
not able to detect them. At the end of the procedure, even in successful 
cases, a final angiography should be carefully performed.

Classification
A classification system for coronary perforations related to the 
angiographic appearance of blood extravasation (Table  25.2) was 
created based on the analysis of prospectively recorded data from a 
total of 12,900 PCI procedures from 11 US sites during a 2‐year 
period [1]. Coronary perforation occurred in 62 patients (0.5%). 
Type II perforation was the most frequent perforation type in this 
series (50%), followed by type III (25.8%), and type I (21%); the 
minority of cases were characterized by cavity spilling (3.2%) [1]. 
Of note, the NHLBI classification system for coronary dissections 
overlaps with the Ellis classification model, with NHLBI type C 
coronary dissections corresponding angiographically with Ellis 
type I perforations (Figures 25.9, 25.10, and 25.11) [25].

In addition, other studies have evaluated the proposed classifica
tion system as a tool to predict outcome and to serve as the basis of 
management [1,49–51]. Analysis showed that:
• Type I perforations rarely result in tamponade or in myocardial 

ischemia.
• Type II perforations have high treatment success rates when 

managed with prolonged balloon inflation, and commonly have 

low occurrence of persistent contrast extravasation, consequently 
resulting in a low incidence of adverse sequelae [49].

• Type III perforations are associated with the rapid development 
of hemodynamic compromise and life‐threatening complica
tions, including abrupt tamponade, need for emergent bypass 
surgery, and very high mortality. Notably, type III perforations 
with contrast spilling into either the left or right coronary ventri
cle or coronary sinus do not have catastrophic consequences and 
are commonly benign [50,51].

Risk factors for coronary perforation
Risk factors for coronary perforation during standard PCI 
can  be  classified as: (i) patient‐related; (ii) procedure‐related; or 
(iii) device‐related risk factors (Table 25.3).

Patient‐related factors
Patient characteristics that have been associated with a risk of per
foration include age, female gender, renal insufficiency, and history 
of prior CABG [1,40,48,52,53]. In a multicenter study by Ellis et al. 
[1], patients who developed perforation were almost 10 years older 
than those who had no perforation. In addition, women repre
sented 46% of patients with perforation but only 16% of patients 
without this complication. Calcification presents a technical chal
lenge for the interventionist. It often requires very high‐pressure 
balloon inflation—either for predilatation or for post‐dilatation—
in order to achieve success [40]. The study found that 93% were 
complex, ACC/AHA class B2 or C, and 58% exhibited heavy calci
fication. Recently, Généraux et  al. [54] evaluated data from 6855 
patients presenting with acute coronary syndromes in whom PCI 
was performed from two large‐scale randomized controlled trials: 
ACUITY and HORIZONS‐AMI. By multivariable analysis, the 
presence of moderate or severe target lesion calcification was an 
independent predictor of 1‐year definite stent thrombosis and 
ischemic target lesion revascularization (TLR).

Procedure‐related factors
The use of oversized compliant balloons coupled with relatively 
high deployment or post‐dilatation inflation pressures to achieve 
full stent expansion and minimize residual stenosis after stent 
implantation can cause vessel wall perforation [1,40,55]. Several 
mechanisms are involved, including overstretching of the most 
compliant coronary artery segment, a high‐pressure jet caused by 
balloon rupture, and outward pushing of a stent strut through the 
vessel wall. Procedural success and complication rates as a function 
of balloon‐to‐vessel ratio and high inflation pressure have been 
reported in numerous studies. In a study by Colombo et al. [55], the 
use of a high balloon‐to‐vessel ratio (1.2 : 1) with a mean pressure 
of 12 atm for the treatment of coronary stenosis in 60 patients was 
associated with a mean final percent stenosis of −8% with one case 
of a coronary rupture. Conversely, usage of a similar balloon‐to‐
vessel ratio with a higher inflation pressure (mean of 15 atm), 
applied in the next 300 patients yielded a slight improvement in the 
final percent stenosis (mean −10%), but at the expense of an 
increase in the incidence of vessel rupture and major dissection 
(3.4%). Finally, in a different subgroup, usage of a smaller balloon‐
to‐vessel ratio of only 1.0 but with a higher mean pressure (16 atm), 
applied in 162 patients, yielded a percent residual stenosis of 1% 
with a rate of coronary rupture reduced to 0.7%. Similarly, in a 
series by Ellis et al. [1] the mean balloon‐to‐artery ratio in patients 
treated with plain balloon angioplasty was significantly higher in 
those who developed coronary perforation compared with those 

Table 25.2 Classification of coronary perforations.

Type I Extraluminal crater without extravasation

Type II Pericardial or myocardial blush without contrast 
jet extravasation

Type III Extravasation through frank (≥1 mm) perforation

Cavity spilling Perforation into anatomic cavity chamber, 
coronary sinus, etc.
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who did not (1.19 ± 0.17 vs. 0.92 ± 0.16; p = 0.03). The same findings 
were reported by Stankovic et  al. [56], where a high balloon‐to‐
artery ratio was associated with a 7.6‐fold increase in the odds of 
coronary perforation.

Vessel determinants associated with coronary rupture include 
lesion severity with American College of Cardiology/American 
Heart Association (ACC/AHA) type B or C lesions, and the pres
ence of a more highly calcified lesion has also been associated 
with coronary rupture [52,57,58]. Of note, PCI for CTO is also 
associated with an increased risk [40].

Device‐related factors
Coronary perforation can be caused by the guiding catheter, balloon 
rupture, guidewire, IVUS/OCT catheter, embolic protection device, 
and atheroablative and CTO devices [56,59,60]. Dippel et  al. [41] 
reported that, of more than 6000 interventions, ablative procedures 
were accorded a 6.8‐fold risk of perforation. In addition, the perfora
tions with these technologies were often Ellis type III. Recently, stiffer 
wires for CTO procedures have been developed to dramatically 
enhance the ability to cross the lesions. Vessel perforation has 
become  particularly important with the introduction of stiff wires 

(a) (b)

Figure 25.9 (a) An example of type III perforation; arrows (b) show post‐balloon dilatation of a small saphenous vein graft to right coronary 
artery.

(a) (b) (c)

a

b

Figure 25.10 Type III perforation. This patient underwent a previous stent implantation in the mid right coronary artery. Follow‐up catheteriza
tion showed restenosis with chronic total occlusion (a). (b) shows that the guidewire has been crossed and the balloon has been inflated at the 
origin of the acute marginal branch a; the distal portion of the stent is shown in (b), arrow b. Notice the perforation with contrast extravasation 
in (c).
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for  penetrating the proximal and distal caps of CTO. However, 
 dilating a subintimal channel can not only result in vessel occlusion or 
perforation, but also prohibit future surgical grafting of the coronary 
artery. Special attention must also be taken when hydrophilic wires 
are used because of their propensity for subintimal  passage and per
foration of end capillaries. These wires easily enter thin‐walled vasa 
vasorum, which are prone to perforation either directly from the wire 
or from the subsequent dilatations. Recently, Stathopoulos et al. [61] 
 analyzed 23,399 PCI and identified 73 patients com plicated by coro
nary perforation, of which 31 were guidewire induced. In‐hospital 
mortality was similar for patients with guidewire‐induced and non‐
guidewire‐induced perforations. Tamponade conferred a threefold 
increase in the long‐term probability of death and guidewire‐induced 
coronary perforation during elective PCI had the best survival.

Cardiac tamponade as well as requirement for emergency sur
gery are important risk factors for overall mortality with coronary 
perforation [1,57].

Management and treatment of perforation
Coronary perforation carries a significant mortality risk. Therefore, 
management and treatment are important and should be initiated 
very  rapidly. The strategy for treating coronary perforation is best 

determined by specific angiographic type and clinical circumstances. 
Based on angiographic classification, a treatment algorithm for coro
nary perforations was proposed by Dippel et al. [41]. In general, type I 
perforations usually respond to conservative measurements. Stenting 
over the blemish often successfully deals with the problem site. In 
many of these conditions, prolonged proximal balloon inflation helps 
solve the problem. When limited pericardial effusion occurs, as in type 
I or II perforations, serial echocardiography can suggest clues to on 
going leakage, as evidenced by changes in the effusion size. Early dias
tolic right ventricular collapse and late diastolic right atrial collapse are 
early signs of cardiac tamponade and precede the onset of hypotension.

In limited perforations (types I and II) not caused by guidewire 
use, maintaining guidewire position across the perforation site is 
crucial, and careful balloon compression of the perforation site 
is usually recommended to limit further extravasation. In patients 
receiving heparin, reversal of the anticoagulant effects should be 
considered. In an analysis of the Mayo Clinic PCI database, admin
istration of protamine sulfate and prolonged balloon inflation were 
the most common treatments performed after identification of a 
coronary perforation [52]. In those patients receiving unfractionated 
heparin (UFH), IV protamine sulfate should be given, with subse
quent dose titration guided by anticoagulation status, to rapidly and 

(a) (b)

Figure 25.11 Chronic total occlusion at mid right coronary artery (a). Failed attempts leads to vessel dissection and perforation type III with 
pericardial effusion (b).

Table 25.3 Risk factors for coronary perforation.

Patient‐related Procedure‐related Device‐related

Female gender High balloon/stent‐to‐artery ratio Stiff wire

Older age
Renal insufficiency

High inflation or post‐dilatation pressure Hydrophilic‐coated wire

Extremely distal location of the guidewires
Treatment of chronic total occlusion

Cutting balloon

Atheroablative devices

IVUS/OCT in the false lumen

IVUS, intravenous ultrasound; OCT, optical coherence tomography.
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easily reverse the anticoagulation effects [42,62]. Reversal of heparin 
anticoagulation should target an activated clotting time (ACT) of 
150 seconds. Protamine partially neutralizes the anti‐IIa activity, but 
not the anti‐Xa activity of low‐molecular‐weight heparin [63,64]. 
Importantly, protamine has been safely administered to facilitate 
hemostasis following coronary stent deployment without adverse 
ischemic sequelae [65]. However, this safety has not been well dem
onstrated following drug‐eluting stent (DES) implantation [66]. GP 
IIb/IIIa inhibitor infusion should be stopped whenever perforation 
occurs, regardless of the severity. The effects of abciximab can be 
reversed by platelet transfusion; eptifibatide and tirofiban have no 
antidote but have a relatively short half‐life lasting several hours. 
Direct antithrombin agents (e.g., bivalirudin) are more problematic, 
as there is no antidote for this class of agents. However, we have 
shown treatment of patients experiencing coronary perforation with 
adjunctive antithrombotic therapy of bivalirudin monotherapy was 
not associated with worse outcomes compared than treatment with 
UFH plus GP IIb/IIIa inhibitors [48].

Pericardiocentesis should be performed only in the presence 
of  cardiac tamponade with hemodynamic or echocardiographic 
cardiac compromise [41].

In type I perforation, management is commonly limited to  careful 
observation for 15–30 minutes with repeated injections of contrast 
media, associated with the measures described above. In type II per
foration, the first step in management is placement of a standard 
balloon catheter (2–3 atm pressure) to seal the perforation [41,67]. 
Then, heparin reversal and GP IIb/IIIa inhibitor  discontinuation 
should be promptly instituted. Echocardiographic assessment 
should be performed without delay. Emergent cardiac surgery is 
reserved for those patients who do not achieve hemostasis with 
these conservative measures. In type III perforation, an immediate 
aggressive treatment strategy is required, including adequate  volume 
resuscitation, administration of catecholamines, and,  frequently, 
urgent pericardiocentesis. Immediate reversal of anticoagulation 
with IV protamine sulfate and platelet transfusion in abciximab‐
treated patients is critical. According to the algorithm proposed by 
Dippel et al. [41], treatment of type III perforation should start with 
standard balloon catheter inflation at the site of perforation for at 
least 5–10 minutes to provide time to perform pericardiocentesis. 
Subsequent prolonged balloon inflation can successfully seal a type 
III perforation or provide time to place an additional device to assist 
the treatment. The site of coronary perforation must be completely 
sealed and confirmed by an angiogram performed at least 10 min
utes following  treatment. Intermittent or continuous pericardial 
catheter aspiration should be employed overnight. Furthermore, the 
authors  recommend in‐hospital observation for an additional 24 
hours with repeat echocardiography prior to discharge or on the day 
 following pericardial catheter removal [41].

Devices and materials for coronary perforation
Several devices and materials have been used for sealing the perfora
tion site, such as plugs, coils, glues, beads, and covered‐stents. Plugs, 
coils, glues, and beads are usually used for small (types I or II) or 
distal perforations caused by the guidewire. These perforations can
not be sealed with covered stents, which are more useful for pinhole 
perforations. Coil embolization of coronary perforations, especially 
of the distal vessel, has also been used as a percutaneous bailout 
treatment [68,69]. In general, most studies report microcoil emboli
zation with platinum or stainless steel coils ranging from 0.014 
to  0.025 inches in diameter [70,71]. These are delivered through 
dedicated microcatheters and are ideal suited to this purpose 
(Figure  25.12). However, larger coils have been used in coronary 

artery ruptures or in large segment perforations [72,73]. Other, 
rather innovative methods of sealing distal vessel perforation have 
been reported: injection of thrombin [70,74]; autologous clotted 
blood [75]; tris‐acrylgelatin microspheres [76]; fibrin glue [77]; 
 subcutaneous adipose tissue [78]; polyvinyl alcohol foam [79]; and 
ethylene‐vinyl‐alcohol‐copolymer (Onix) [80]. Any material that 
includes clotting and plugging the small perforation will suffice. 
Autologous vein‐covered stents have also been described as an effec
tive treatment option for successful percutaneous sealing of perfora
tions [81,82]. However, isolating the graft (typically a cephalic vein) 
by cutdown and mounting and suturing it onto a metallic stent is 
time‐consuming and an improbable emergency treatment for free‐
flowing perforation and pericardial tamponade [83].

If cardiac tamponade develops and low blood pressure ensues, 
pericardiocentesis and drainage with a pigtail catheter are required. 
An important point to consider is the need to use two guiding cath
eters in order to be able to control the perforation with the inflated 
balloon while being ready to advance a covered stent if needed. 
When extravascular flow is observed on angiography despite pro
longed balloon inflation, a covered stent should be used to stop the 
leakage. If a life‐threatening perforation occurs while working with 
a smaller guide requiring the covered stent for sealing, a balloon 
angioplasty catheter (or stent delivery balloon) should immediately 
be inflated across the tear in the coronary vessel to provide tempo
rary hemostasis. Another guide catheter should then be introduced 
via contralateral femoral artery access and used to cannulate the 
coronary ostium after gently disengaging the other guide. The cov
ered stent should be introduced into the new guide over a second 
guidewire and passed just proximal to the occluding balloon, which 
is then deflated and retracted, allowing passage of the new guidewire 
and the covered stent for definite closure of the perforation [84].

A bare metal stent covered by an ultrathin polymer (polyethylene 
terephthalate) mesh sleeve on its external surface, the MGuard® 
stent (InspireMD, Tel Aviv, Israel), has been described as an option 
for sealing coronary perforations (Figure 25.13) [85,86]. The pro
tective net is composed of micron‐level fibers with pore size of 
≤200 μm. It was developed to block the plaque and thrombus 
detachment from the arterial wall during and after the intervention 
to reduce embolization. The MGuard® stent is a combination of a 
bare metal stent and an embolic protection device, intended to rep
resent a feasible and safe treatment option in patients with STEMI 
and saphenous vein graft (SVG) intervention.

Covered stent device description
The most widely used device is the polytetrafluoroethylene (PTFE) 
covered stent which can reduce the mortality related to coronary 
perforation to 10% [56]. The currently available coronary stent graft 
is a balloon expandable, slotted‐tube stent. The Jostent/Graftmaster 
RX® coronary stent graft device (AbbottVascular Devices, Abbott 
Park, IL, USA) consists of an ultrathin (75 μm), biocompatible, and 
expandable PTFE layer sandwiched in between two coaxial 316 L 
stainless steel, slotted‐tube, balloon‐expandable stents. Available 
lengths of the stent are 16, 19, and 26 mm, with diameters of 2.8–
4.8 mm. The main limitations of the stent are an enhanced propen
sity for stent thrombosis, which can be diminished by high‐pressure 
prolonged balloon inflation (for optimal expansion, the recom
mended inflation pressure is 15–16 atm for at least 30 seconds to 
allow for complete stent expansion), IVUS/OCT evaluation for 
proper implantation, and prolonged antiplatelet therapy that 
includes aspirin and thienopyridines. Several reports have described 
the use of the PTFE‐covered stent in treating coronary perforations, 
with favorable results [1,81,84,87–89].
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Figure 25.13 Left anterior descending artery in the RAO cranial view after multiple DES implantation (left). After post‐dilatation with non‐ 
compliant balloon a type I perforation with extraluminal crater without extravasation is noted (arrows). Protamine was administered for 
heparin reversal following Mguard stent implantation. The site of the perforation is completely sealed after stenting (right).

(a) (b)

(c) (d)

Figure 25.12 Right coronary artery in the RAO cranial view pre PCI in a patient with non‐ST elevation myocardial infarction. The target vessel 
was the posterior descending artery, which is occluded. (a) After vessel recanalization using Whisper hidrophilic coated wire (Abbott Vascular, 
USA), the tip of the wire went inadvertently through in the very distal part of the vessel (b) causing perforation with contrast jet extravasation to 
the left ventricule (c). The perforation was sucessfully sealed using Azur platinum coil with expandable hydrogel polymer (d) (Terumo, Japan).
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In a multicenter, retrospective, international registry, Lansky 
et al. [84] reported the use of Jostent® coronary stent grafts in 41 
cases of coronary perforations. Perforations were relatively severe: 
16.7% Ellis type I, 54.2% type II, and 29.1% type III. Of the 41 
patients, >1/3 (n = 14) experienced life‐threatening complications 
before stent graft implantation, including pericardial tamponade 
(12.2%), cardiogenic shock (9.8%), and cardiac arrest (2.4%). 
A total of 52 coronary stent grafts were used to treat the 41 perfora
tions (mean 1.3 per lesion). All coronary stent grafts were placed 
successfully, with 92.9% of the perforations sealed completely and 
7.1% partially. One patient developed abrupt vessel closure after 
coronary stent graft deployment, resulting in an overall procedure 
success rate of 96.4%.

Based on a comparison of outcomes of coronary perforations in 
two Milan centers before and after 1998, Stankovic et  al. [56] 
showed that the use of the covered stent was associated with a 
 significant reduction of in‐hospital major adverse cardiac events 
(MACE) (death, any MI, and TVR) in type III perforations (91–
33%), but had no impact on the clinical course of type II perfora
tions. A two‐center study in Europe reported 49 cases of coronary 
perforation complicating a total of 10,945 PCI procedures (0.45%) 
[87]. Adequate sealing of the perforation was not achieved by con
ventional methods (perfusion balloon, reversal of anticoagulation, 
platelet transfusion with/without pericardiocentesis) in 29 of 49 
patients (59%). The first 17 of 29 patients in this series were treated 
with Palmaz‐Schatz™ stents (attempted in five but successful in only 
two patients) and/or with emergent cardiac surgery (15 patients). In 
the subsequent 12 of 29 patients, perforations were treated with 
PTFE‐covered stents. In this series, PTFE‐covered stents success
fully sealed 91% of coronary perforations after other conservative 
approaches failed. In the same series, pericardial effusion without 
hemodynamic impairment was identified less frequently in patients 
receiving another stent and/or undergoing urgent cardiac surgery. 
Although PTFE‐covered stents are considered to be the device of 
choice in the treatment of coronary perforations, in some situations 
the use of this stent is technically difficult or even impossible 
because of its limitations, including limited flexibility and tractabil
ity, especially in diffusely diseased vessels. Furthermore, the use of 
covered stents in native coronary arteries must be undertaken with 
caution, given the potential for side branch coverage with subse
quent myonecrosis. Another recently available covered stent out
side the USA is the Direct‐Stent® Stent‐Graft (InSitu Technologies 
InC. MN, USA), which consists of a single layer of ePTFE polymer 
with proprietary micro‐porous technology. Available lengths of the 
stent are 10 and 38 mm, with diameters of 2.25–60 mm.

Early and late clinical outcome
For the patient with major perforation in hospital, careful observa
tion with frequent hemodynamic monitoring is required after the 
procedure, and follow‐up angiographic examination should be per
formed the next day. After making sure there are no adverse find
ings, the patient can be discharged.

Sequelae of coronary perforations range in severity from none to 
devastating, and are fraught with early (often instant) and/or late 
complications. Based on the series by Ellis et al. [1], a clear correla
tion exists between the angiographic type of coronary perforation 
and early complications. In this series, mortality and Q‐wave MI 
were entirely limited to type III perforations. The majority of cases 
of emergent CABG and tamponade were also associated with type 
III perforations (63% for both complications), while emergent 
CABG and tamponade were remarkably lower in type I and II 

 coronary perforations. Interestingly, a recent study showed that 
despite treatment of more complex disease, the incidence of coro
nary perforation has not increased, which has been confirmed by a 
meta‐analysis performed by Shimony et al. [90,91].

In the series described by Dippel et  al. [41], clinical outcomes 
were quite favorable in patients with type II perforations: there were 
no cases of death or emergency CABG, with only one patient (5.3%) 
requiring pericardiocentesis. Importantly, these outcomes were 
achieved despite fairly infrequent reversals of procedural anticoag
ulation (21.1%), platelet transfusion (15.8%), or the use of pro
longed perfusion balloon catheter inflation (26.3%), although the 
majority of patients (73.7%) received abciximab during PCI. In 
contrast, patients with type III perforations had a higher rate of 
mortality (21.4%), pericardial tamponade (42.9%), and emergent 
CABG (50.0%), despite more aggressive therapies including the use 
of protamine (64.3%), platelet transfusions (50.0%), and prolonged 
perfusion balloon catheter inflations (87.7%). Similarly, in a series 
by Stankovic et al. [56], all cases of in‐hospital death and/or emer
gency CABG were associated exclusively with type III coronary 
perforations. Al‐Lamee et al. [92] confirmed those findings, show
ing a high acute mortality (during the procedure and in‐hospital 
mortality of 3.6% and 14.8%, respectively) and high long‐term 
mortality and MACE rates (15.2% and 41.3%, respectively) after 
grade III coronary perforation.

A number of reports have emphasized that pericardial tampon
ade can develop several hours after coronary perforation. In a series 
by Ellis et al. [1], there was a 5–10% incidence of delayed (24 hours 
or more post‐PCI) tamponade, arguing for careful patient monitor
ing, especially during that time period. Delayed pericardial tampon
ade typically results from a guidewire‐related perforation and occurs 
not infrequently in patients undergoing recanalization of a CTO. 
Fukutomi et al. [42] reported five cardiac tamponades occurring in 
a total of 25 patients; in 12 patients, signs of tamponade emerged 
immediately after coronary perforation, while a delayed presenta
tion (after a mean time of 4.9 ± 3.4 hours) occurred in 13 patients 
who were all treated for CTO lesions. In the same series, a guidewire 
caused coronary perforations in 8 of 13 patients (61.5%), with a 
delayed development of pericardial tamponade. Finally, in a series 
by Fejka et al. [44] analyzing 31 cases of cardiac tamponade occur
ring in a total of 25,697 procedures (0.12%) during a 7‐year period, 
tamponade was diagnosed during the procedure in 17 patients 
(55%) at a mean time of 18 minutes from the start of PCI; in 14 
patients (45%), tamponade presented later (mean time 4.4 hours 
post‐PCI, range 2–15 hours). The same study clearly demonstrated 
that cardiac tamponade related to coronary perforation was associ
ated with high rates of mortality; 13 of 31 patients (42%) in this 
series died. Mortality was especially high for those patients who 
developed cardiac tamponade during PCI compared with those who 
developed delayed tamponade (59% vs. 21% of patients).

the no‐reflow phenomenon
No‐reflow (or slow‐flow or slow‐reflow) phenomenon during PCI 
refers to a condition of decreased or absent antegrade coronary 
blood flow without angiographic evidence of a persistent mechani
cal obstruction [93,94]. By definition, no‐reflow can be diagnosed 
only after excluding other causes of reduced antegrade flow such as 
dissection, spasm, thrombus, or a residual high‐grade stenosis. It 
occurs rarely in elective PCI, but far more frequently in patients 
who present with acute MI. Persistent no‐reflow has important 
prognostic implications and has been associated with unfavorable 
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clinical outcomes [8–10,95]. Patients who develop no‐reflow  during 
PCI have a significantly higher incidence of in‐hospital and long‐
term complications such as MI, stent thrombosis, heart failure, 
negative ventricular remodeling, ventricular tachycardia, and death 
[8–14,96].

Incidence
The overall incidence of angiographic no‐reflow phenomenon dur
ing PCI ranges from 0.2% to 2%. Higher rates have been reported 
for primary PCI (5–23%), SVG (9%), and rotational atherectomy 
(12%) [8,13,96–98]. It has been observed more commonly in dia
betics, in lesions with a large thrombotic burden, and in patients 
without pre‐infarction angina, suggesting a protective effect from 
ischemic preconditioning [6,7,12,14,93]. Also, it is more pro
nounced with longer periods of coronary occlusions [94]. Of note, 
except for thrombus‐containing long lesions and degenerative 
SVGs, it can be difficult to predict the risk of no‐reflow based on the 
angiographic appearance of a lesion. Furthermore, other causes of 
impaired coronary flow can simulate no‐reflow including dissec
tion, intracoronary thrombus formation, intracoronary bubble 
injection, epicardial coronary spasm, or remaining high‐grade 
stenosis.

Pathophysiology
The pathophysiology of no‐reflow is complex and not entirely 
understood, but appears to be multifactorial. Potential mechanisms 
differ depending on the clinical setting and lesion type undergoing 
PCI. In humans, it appears to be a combination of distal emboliza
tion, inflammation, and microvascular spasm [12,14,93,99–101]. 
Substantial capillary damage can also be seen with intraluminal 
obstruction resulting from endothelial swelling, capillary plugging, 
and microthombi. An observed relationship between plaque vol
ume, necrotic core, and distal coronary perfusion after PCI suggests 
that the release of material from the plaque is related to, if not causal, 
in distal microvascular obstruction. In fact, aspiration of coronary 
arteries in patients with thrombotic lesions and no‐reflow has 
shown embolic debris (containing both thrombi and atheromatous 
gruel) in the majority of cases [100]. Vasospasm appears to have a 
central role in the pathogenesis of no‐reflow irrespective of the clin
ical scenario in which it occurs. Experimental data suggest that 
microvascular vasospasm is caused by the release of serotonin, angi
otensin II, thromboxane, and α‐adrenergic agonists [8,102–104]. 
The local release of these vasoconstrictor substances impairs capil
lary autoregulation and increases reflex sympathetic activity.

Other mechanisms that have been implicated include oxygen 
free radical‐mediated injury, reperfusion injury with loss of micro
vascular integrity [100,101], endothelial dysfunction, neutrophil 
infiltration, platelet aggregation, plasminogen activator  inhibitor‐1, 
tissue factor, and inflammatory factors (sCD40L, soluble 
E‐ selectin) [93,100,101,105]. The triggers of no‐reflow during PCI 
appear to be distal embolization of plaque and/or thrombus with 
subsequent microcirculatory spasm. Thus, no‐reflow is a major 
problem in the treatment of acute MI, thrombus‐containing 
lesions, large plaque burden, rotational atherectomy, and SVG 
(Figure 25.14) [106].

Prevention
Possible approaches to prevent the no‐reflow phenomenon include 
the use of mechanical aspiration, distal embolic protection, direct 
stenting, systemic infusion of GP IIb/IIIa inhibitors, and intrac
oronary infusion of vasodilating or antithrombotic/thrombolytic 

agents. Apart from antiplatelet agent, all pharmacological drugs 
should be injected superselectively into the target vessel in order to 
reach effectively areas of myocardium.

Thrombectomy and aspiration
Occlusive thrombosis from an unstable atherosclerotic plaque is the 
substrate of most acute MIs. Therefore, macro‐ and micro‐ 
embolization during PCI in acute MI results in obstruction of the 
microvascular network and subsequently in reduced efficacy of 
reperfusion and myocardial salvage [107]. Use of adjunctive 
thrombectomy during primary PCI has been associated with sig
nificant improvement in coronary flow before stent implantation as 
well as post‐procedural epicardial and myocardial perfusion with 
less distal embolization. However, its benefit for long‐term survival 
is controversial [108–110]. For instance, in the INFUSE‐AMI trial 
[109], patients randomized to aspiration thrombectomy vs. no 
 aspiration had no significant difference in infarct size at 30 days, 
absolute infarct mass, or abnormal wall motion score. The multi
center, prospective, randomized TASTE trial [110], enrolled 7244 
patients from the national comprehensive Swedish Coronary 
Angiography and Angioplasty Registry (SCAAR). Patients with 
STEMI undergoing PCI were randomly assigned to manual throm
bus aspiration followed by PCI or to PCI only. Disappointingly, rou
tine thrombus aspiration before PCI compared with PCI alone did 
not reduce 30‐day mortality among patients with STEMI (2.8% vs. 
3.0%). Finally, with regard to mechanical thrombectomy, the results 
of randomized trials do not show benefit [111,112].

Distal protection devices
The use of distal protection devices during SVG PCI has decreased 
the incidence of no‐reflow during PCI in several studies, and con
firmed the role of distal embolization in the development of this 
complication. As a result of their proven effectiveness in preventing 
distal embolization, no‐reflow and MACE, the AHA/ACC/SCAI 
recommend the use of distal embolic protection devices when tech
nically feasible in patients undergoing PCI to SVGs [113,114]. The 
SAFER trial established that the routine use of a distal protection 
device is associated with a reduced incidence of no‐reflow in the 
treatment of degenerated SVGs [115].

The efficacy of a distal embolic protective device in acute STEMI 
was addressed in the multicenter EMERALD trial. Despite the 
removal of debris, there was no difference between the two groups 
in terms of ST segment resolution at 30 minutes (63% vs. 62%) and 
left ventricular infarct size (12.0% vs. 9.5%). In addition, MACE at 
6 months were similar in the two groups (10% vs. 11%). The lack of 
benefit persisted when only patients undergoing primary PCI were 
evaluated [116]. Other subgroup analysis did not identify any sub
set of patients in whom an advantage of distal protection occurred 
[116,117].

Several explanations can be proposed regarding these negative 
findings. First of all, we should consider that in the setting of acute 
MI distal embolization can induce an additional, although limited, 
myocardial necrosis. This increase plays a minor part against the 
large background of necrosis resulting from ischemia and/or reper
fusion. This condition differs from embolization that may occur in 
SVGs, in which the myocardial area distal to the graft is viable. Also, 
the type of device used and its crossing profile, operator experience, 
and technique of usage may have a relevant role. Whatever part 
embolic protection devices might play, they cannot be employed in 
all patients, but only in a minority of them with particular clinical 
or anatomic features and the problem is how to select patients who 
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may benefit from dedicated devices. The indiscriminate utilization 
of this resource to all patients not only represents an unjustified 
adjunctive cost, but is also associated with increased procedural 
time and reperfusion delay.

Direct stenting
In patients with an acute STEMI undergoing primary PCI, direct 
stenting can reduce embolization of plaque constituents, lowering 
the incidence of the no‐reflow phenomenon, thereby increasing 
myocardial perfusion and salvage. Direct stenting can also 

improve myocardial perfusion and the incidence of death, MI, or 
heart failure compared with conventional stenting in patients who 
undergo PCI after fibrinolysis [118–121].

Systemic glycoprotein IIb/IIIa inhibitors
It is unclear whether GP IIb/IIIa inhibitors when infused peripher
ally reduce the incidence of no‐reflow, because data addressing this 
issue are limited and inconsistent.

The effect of GP IIb/IIIa receptor inhibitors in preventing no‐
reflow during SVG intervention has been disappointing [122]. 

(a) (b)

(c) (d)

Figure 25.14 Scanning electron microscopy (SEM) of the aspirated material from saphenous vein graft in an 80‐year‐old patient with a history 
of prior coronary artery bypass graft surgery. Coronary angiography showed a severe lesion in the saphenous vein graft to obtuse marginal (a). 
Slow‐phenomenon was observed even after thrombus aspiration (b) and distal protection distal. SEM showing fibrin network, entrapped 
erythrocytes, activated platelets, and cholesterol crystals (*) (c, d).



CHAPTER 25 Coronary Artery Dissections, Perforations, and the No‐Reflow Phenomenon 261

Roffi et  al. [123] performed a pooled analysis of five rando
mized  intravenous GP IIb/IIIa inhibitor trials (EPIC, EPILOG, 
EPISTENT, IMPACT II, and PURSUIT) showing that prophylac
tic administration of these agents does not improve outcomes 
during PCI of SVG.

Intracoronary infusions
An intracoronary infusion of adenosine, verapamil, streptokinase, 
or abciximab has been evaluated studies for its ability to improve 
myocardial reperfusion, prevent reperfusion injury, and salvage 
ischemic myocardium at the time of primary PCI. In the INFUSE‐
AMI trial [109], patients with large anterior STEMI presenting early 
after symptom onset and undergoing primary PCI with bivalirudin 
anticoagulation, infarct size at 30 days was significantly reduced by 
bolus intracoronary abciximab (6.8% vs. 17.9%) delivered to the 
infarct lesion site but not by manual aspiration thrombectomy. 
Patients randomized to intracoronary abciximab also had a signifi
cant reduction in absolute infarct mass (18.7 vs. 24.0 g). The routine 
use of abciximab during primary PCI has yet to be adopted after the 
results of larger clinical trials.

Verapamil pre‐treatment has been shown to be effective in reduc
ing no‐reflow during SVG intervention in a small (n = 32) rand
omized trial [124]. However, the intragraft verapamil failed to 
reduce the mortality or MI in patients with no‐reflow and has not 
been incorporated into clinical practice.

Chronic statin therapy
It has been suggested that statin therapy reduces myocardial injury 
after PCI. Plaque stabilization and other pleiotropic effects of statin 
therapy could lower rate of no‐reflow, improve wall motion, and left 
ventricular ejection fraction [125].

Treatment
Once no‐reflow occurs, every attempt must be made to reverse it 
in order to reduce the risk of adverse outcome [126]. During PCI 
procedures, no‐reflow can manifest as acute ischemia and be 
associated with chest pain, ECG changes, bradycardia, conduc
tion disturbances, and hypotension leading to marked hemody
namic instability and cardiogenic shock. However, there are also 
rare cases of no‐reflow that occur without any clinical sequelae. 
The initial evaluation and treatment of no‐reflow consists of 
maintaining hemodynamic and electrophysiological stability. 
Box 25.1 provides a guide to the evaluation and management of 
no‐reflow.

As the predominant abnormality during no‐reflow appears to be 
microvascular constriction, different vasoactive drugs have been 
employed for the treatment of this phenomenon and their efficacy 
depends on coronary artery vasodilatation and hyperemia induc
tion especially at the microvascular level [7,93,99,122].

Nitroglycerin
In fact, nitroglycerin (NTG) is not effective in reversing no‐
reflow and is given at the onset of no‐reflow in order to exclude 
epicardial coronary spasm. It has been shown that NTG adminis
tration results in an increase in minimum lumen diameter that is 
not further increased by nitroprusside [127]. NTG also did not 
change any of the examined angiographic parameters (TIMI 
grade, corrected TIMI frame count, and TIMI myocardial blush) 
compared with baseline values (after stent deployment). This 
lack of effect on no‐reflow has been confirmed in a number of 
studies [8,11].

Nitroprusside
NTG and nitroprusside (NTP) are both donors of nitric oxide, an 
endothelium‐derived compound that has multiple vascular func
tions, including vasodilatation, inhibition of platelet adhesion, 
and anti‐inflammatory activity [128]. Nitric oxide is a potent vas
odilator in the resistance arteriolar circulation [129] and plays a 
significant part in the control of coronary blood flow through the 
microcirculation [130]. However, there is an important distinc
tion between NTG and NTP. Resistance vessels, which primarily 
determine coronary blood flow, have a decreased capacity for 
enzymatic conversion of NTG into nitric oxide. Unlike NTG, NTP 
is a direct donor of nitric oxide and is reported to require no intra
cellular metabolism to derive nitric oxide; thus making nitric 
oxide available to the microcirculation and effectively dilating 
these distal vessels.

NTP has gained favor with many operators for its rapid and 
marked vasodilating effect with limited systemic hypotension. 
However, its dosage and efficacy in different clinical settings are not 
yet clearly established, because available information is derived from 
retrospective analysis of angiographic findings in different clinical 
conditions with different doses, routes of administration, and effi
cacy assessments [99,127,128]. A standardized NTP protocol has 
been suggested [127]:
1 Insert a multifunction catheter or over‐the‐wire balloon into the 

culprit vessel
2 Initial 80‐μg bolus of NTP is selectively administered distal to the 

site of stent implantation or balloon dilatation via the multifunction 
catheter.

3 If no response, boluses of NTP with an increment of 40 μg each 
time is repeated every 2 minutes.

4 NTP boluses are continued until TIMI 3 flow is achieved or 
 systolic blood pressure decreases to <80 mm Hg.
It was observed that the initial 80‐μg bolus restored normal 

TIMI flow normal in 58% of patients (7 of 12) with acute MI and in 
44% of patients (4 of 9) with SVG stenosis. The maximal dose 
(120–160 μg) restored normal TIMI flow in all remaining patients 
with acute MI but in only one additional patient with SVG stenosis. 
This standardized protocol for intracoronary NTP administration 

Box 25.1 Strategy for evaluating and management of no‐reflow

1 Exclude dissection, epicardial spasm, thrombus at lesion site, distal macro
embolism or air embolism

2 Check ACT levels (250–300 s)
3 Ensure oxygenation, hemodynamic stability, and maintain adequate 

coronary perfusion pressures
4 Intracoronary nitrates to exclude epicardial coronary artery spasm
5 Administer pharmacologic agents super‐selectively into distal arterial 

bed by infusion catheter/microcatheter or over‐the‐wire balloon
a. Nitroprusside 80–200 μg bolus (up to 1000 μg total dose). Consider 

alternating with boluses of epinephrine 50–200 μg
b. Adenosine 10–20 μg high velocity boluses repeated as needed 

(10–30 doses)
c. Verapamil 50–200 μg bolus (up to 1000 μg total dose with 

temporary pacemaker standby)
d. Second‐line agents for which evidence is less strong: epinephrine 

50–200 μg, nicorandil 2 μg, papaverine 10–20 μg, nicardipine 200 
μg, diltiazem 0.5–2.5 mg over 1 min up to 5 mg

6 Consider administering a glycoprotein IIb/IIIa receptor inhibitor intra
coronary/intragraft or intravenous
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succeeded in normalizing coronary flow in all patients with acute 
MI but in only 55% of patients with slow flow in SVG.

Two important factors why NTP has not been shown to be effec
tive in some of the previous studies:
1 Local drug delivery: we believe that selectively delivering the drug 

distal in the coronary bed via a microcatheter is essential and 
superior to injection via guiding catheter or systemically. This 
exploits its maximal effect at the target site and allowing, when 
necessary, the use of higher doses of NTP without detrimental 
systemic effects on blood pressure. Agents administered via the 
guiding catheter will preferentially distribute to areas with nor
mal flow.

2 Incremental doses: in a large proportion of patients only large 
doses of NTP were effective. Because of its relatively short half‐
life (50–70 s), a greater effect of NTP cannot be obtained by 
repeated cumulative small boluses but only by single large 
boluses.

Verapamil
Intracoronary calcium‐channel blockers such as verapamil have 
been administered for no‐reflow during PCI for acute MI and have 
been shown to improve microvascular perfusion and myocardial 
salvage [104]. Although microvascular and macrovascular spasm 
may be calcium mediated [131], their mechanism of action may go 
beyond the fact that they act directly on the vascular smooth muscle 
rather than nitric oxide. In the setting of acute ischemia invoked by 
balloon inflations during PTCA, verapamil has been shown to 
increase the ischemic tolerance significantly. Its cardioprotective 
effects are ascribed to the reduction of calcium influx into the 
ischemic myocardial cell, restitution of the calcium homeostasis, 
and improved myocardial blood flow by relief of microvascular 
spasm [132,133]. Verapamil can also affect platelet aggregation in 
the setting of acute MI by reducing the effects of catecholamines 
[132–134].

Verapamil is the most studied drug for the treatment of no‐
reflow. It has been shown that verapamil only improves TIMI flow 
grade in 67–89% and up to 88% when administered with NTG 
[6,8,11,104,135].

A major limitation of verapamil and the main reason why many 
interventionalists are reluctant to use it are because of its adverse 
effects such as hypotension, prolonged heart block, and a negative 
inotropic effect. In a patient who is already hypotensive or having 
conduction disturbances from no‐reflow, we would strongly 
advise not using verapamil. Similarly, in patients with severe left 
ventricular dysfunction, this negative inotropic agent should not 
be used.

Adenosine
Adenosine has a very short half‐life (usually a few seconds) and is 
well tolerated without significant side effects. It is capable of 
dilating the coronary resistance vessels and appears to be more 
potent than verapamil for relieving microvascular spasm. The 
vasodilator effect of this drug is mediated by specific adenosine 
A2A and A2B receptors and related to the opening of ATP‐sensi
tive K+ channels. Furthermore, adenosine has been suggested to 
have a role in the preservation of endothelium integrity [136–
138]. In experimental studies, adenosine has also been shown to 
inhibit neutrophil accumulation, superoxide generation, and 
adherence of coronary endothelium as well as cardiac release of 
endothelin [136]. Although the preventive effect of adenosine 
against no‐reflow may be due to both the vasodilator and anti‐

inflammatory actions of the drug, the beneficial effect observed 
after no‐reflow is more likely a result of its vasodilator action. 
Unlike verapamil, adenosine has little potential to cause pro
longed detrimental effects upon atrioventricular conduction or 
myocardial contractility.

Prior studies [138,139] have shown that adenosine has a benefi
cial effect in treating no‐reflow during SVG intervention. One of 
the novel aspects of the study by Fischell et al. [139] was the use of 
repetitive forceful injections of adenosine and saline flushes using a 
small‐volume (3 mL) syringe. In an ex vivo model intended to simu
late the conditions of no‐reflow, the authors demonstrated the 
potentially beneficial effects of this approach in generating greater 
velocity and pressure during saline administration. It is likely that 
the mechanical advantage afforded by a small syringe allows more 
effective delivery of the active vasodilator to the target vascular bed, 
without the need for a drug infusion catheter. It is also possible that 
these forceful injections help to mechanically drive debris and/or 
aggregating platelets through the microvascular bed and into the 
coronary and then systemic venous circulation. Two studies have 
compared the combination of adenosine and NTP, at doses of 
50–200 μg, with adenosine alone. Both agents mediate vasodilata
tion in the coronary microcirculation in different but potentially 
additive mechanisms and the combination has been shown to be 
superior to adenosine alone [136,140].

Other agents
Several other approaches to the treatment of no‐reflow have 
been published such as intracoronary or intragraft injections of 
 abciximab, nicorandil, epinephrine, nicardipine, diltiazem, urok
inase, abciximab, intra‐aortic balloon pumps, and papaverine 
[6,141–144].

Intravenous platelet GP IIb/IIIa receptor inhibitors are usually 
administered in cases of no‐reflow when distal embolization is con
sidered to be the predominant underlying cause. They resolve any 
platelet‐rich thrombi that has occurred and prevent platelet plugs 
from developing. However, only a single case report suggests utility 
in this setting [142]. There are also anecdotal reports regarding the 
use of antiplatelet agents (abciximab) to treat no‐reflow after failed 
treatment with intracoronary verapamil in native coronary arteries. 
In addition, a report by Heitzer et al. [145] has found that the GP IIb/
IIIa inhibitors (tirofiban and eptifibatide) improve the bioavailability 
of vascular nitric oxide in patients with coronary artery disease, by 
blocking platelet–endothelial interactions, which potentially adds 
vasodilator properties to these agents.

Nicorandil is a direct ATP K+ channel opener and as the vasodi
latory action of adenosine is mediated by these channels, nicorandil 
has been attempted in treating no‐reflow, either alone or in combi
nation with adenosine. However, data are still limited [146]. Finally, 
intracoronary epinephrine has been shown to improve flow in 69% 
of PCI patients with refractory no‐reflow [147]. However, data on 
all the above agents are still limited to small case series or anecdotal 
reports and thus these agents have not been incorporated into daily 
practice.

Prognosis of no‐reflow
No‐reflow has been associated with an increase in MI of up to 32% 
and a 5–15% higher incidence of death [6–8]. The reversibility of 
no‐flow is an important prognostic factor in that it has been associ
ated with a lower 30‐day mortality rate [126]. Although restoration 
of epicardial flow does not always imply complete reperfusion at the 
myocardial level, achievement of TIMI 3 flow is extremely important 
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for improvement of myocardial function and outcome [6,9]. No‐
reflow has also been associated with long‐term detrimental effects, 
including an increased risk for cardiac death, congestive heart fail
ure, malignant arrhythmias, and a decrease in ejection fraction. The 
predictors of death with no‐reflow include cardiogenic shock, large 
amount of jeopardized myocardium, history of congestive heart fail
ure or left ventricular ejection fraction < 30%, age ≥ 65–70 years, 
multivessel disease (especially with collaterals from the index vessel 
to another location), female gender, and prolonged time needed to 
restore flow [6–8]. We have recently shown in a large‐scale 
HORIZONS‐AMI trial that failure to restore  normal TIMI flow after 
PCI in STEMI occurred in 12.9% of  patients, and was associated 
with a twofold higher mortality at 3‐year follow‐up [96].

Conclusions
Coronary dissection with vessel occlusion, coronary perforation fol
lowing coronary angiography or PCI, and the no‐reflow phenomenon 
are dreaded complications occurring in the catheterization laboratory. 
These complications can result in acute MI, need for urgent coronary 
artery bypass surgery, pericardial tamponade, heart failure, and death.

The management of coronary dissection depends on the patency 
of the distal vessel and the extent of propagation of the dissection. 
In general, in the presence of MI or acute closure, coronary stenting 
is mandated.

For coronary perforation, the treatment strategy depends on the 
type of vessel and the location of the injury. Principles include 
prompt recognition of perforation, immediate balloon tamponade 
of the injured vessel, rapid reversal of anticoagulation or antiplatelet 
therapy, addressing hemodynamic instability, involvement of sur
geons if appropriate, and specific treatment of the vessel perforation 
or rupture with a bailout device such as embolization coils or cov
ered stents.

The no‐reflow phenomenon is a diagnosis of exclusion and needs 
to be treated promptly with superselective distal intracoronary 
injection of nitroprusside (associated or not to adenosine) using an 
over‐the‐wire angioplasty balloon or intracoronary infusion micro
catheter. During SVG intervention, an embolic protection device 
should always be used if technically feasible to prevent no‐reflow.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Technologic advances in the design of catheters and devices have 
allowed a more aggressive approach to percutaneous coronary inter
vention (PCI), which has resulted in an increase in the volume and 
complexity of procedures. As a result, the frequency of non‐cardiac 
complications has also risen. The most common complications 
 following percutaneous interventions are related to vascular access 
and are linked to the complexity of the coronary intervention. Muller 
et al. [1] reported a 2.6% incidence of vascular access complications 
following routine PCI, which increased to 6% (p < 0.0001) after 
 complex interventions. The purpose of this chapter is to describe the 
incidence, predisposing factors, and treatment options for some of 
the most common non‐cardiac complications following PCI.

Femoral vascular access complications
Bleeding
Access site bleeding is the most frequent complication following 
femoral arterial access. Transfusion of red blood cells after PCI has 
been reported in 1.8–6.5% of cases [2–4]. Risk factors associated 
with bleeding complications are shown in Box 26.1.

Fewer femoral complications have been noted in patients under
going elective PCI using 6 Fr compared to 7 or 8 Fr guiding cathe
ters (13.8% vs. 23.5%; p < 0.01) [5,6]. However, other studies have 
not shown sheath size to be an important risk factor [7,8]. Bleeding 
complications are reduced when heparin is discontinued after the 
procedure without any adverse impact on cardiac outcomes [9,10]. 
Likewise, sheath removal as early as possible after the procedure can 
also decrease bleeding [7,11,12]. Bleeding complications associated 
with glycoprotein IIb/IIIa platelet receptor inhibitor use have been 
reduced by reducing the heparin dosage (70 IU/kg) [4,12].

A mass or fullness at the access site suggests the presence of a 
hematoma. However, this finding can be difficult to appreciate in 
obese patients in whom significant blood loss can occur without obvi
ous physical signs. The management of access site bleeding depends 
on the severity and hemodynamic consequences of bleeding.

In general, access site bleeding is controlled by manual or 
mechanical compression and reversal of anticoagulation. If bleed
ing continues despite these steps, more aggressive therapies includ
ing percutaneous intervention or surgical therapy are considered.

If patients with bleeding complications have received abciximab 
(Reopro, Eli Lilly, Indianapolis, IN, USA), normally functioning 

platelets can be transfused without interference from the tightly 
bound drug. The same does not apply to the small molecule platelet 
glycoprotein IIb/IIIa inhibitors, eptifibatide (Integrilin, Cor 
Therapeutics, South San Francisco, CA, USA) and tirofiban 
(Aggrastat, Merck, West Point, PA, USA). These small molecules 
are competitive inhibitors, not tightly bound to the receptor, leaving 
excess‐free drug available to inhibit the transfused platelets. 
However, their shorter half‐life allows the antiplatelet effects to 
wear off after several hours.

Retroperitoneal bleeding
The incidence of retroperitoneal hematoma formation has been 
reported in 0.12–0.44% of patients after an interventional proce
dure [13–15]. The risk of bleeding into the retroperitoneal space is 
increased with a high femoral puncture (above the inguinal liga
ment) and with a back wall puncture of the vessel [15]. Knowledge 
of the femoral vascular and inguinal anatomy is helpful in minimiz
ing this risk. The goal is to access the common femoral artery 
 corresponding to the vascular segment overlying the medial third 
of the femoral head.

The signs and symptoms of retroperitoneal bleeding include 
hypotension, abdominal distension or fullness, and pain [15,16]. 
The diagnosis of retroperitoneal bleeding are confirmed by com
puted tomography (CT) or abdominal/pelvic ultrasound [17,18]. If 
retroperitoneal bleeding is suspected, anticoagulation should be 
reversed and discontinued. Volume resuscitation with crystalloid 
solutions and/or blood products should be administered if volume 
depletion is clinically evident. Alternatively, if bleeding causes 
hemodynamic embarrassment, emergency angiography from the 
contralateral femoral access site can be considered to localize the 
bleeding site. Once the bleeding site has been identified, tamponade 
of the bleeding with an angioplasty balloon will stabilize the patient. 
If prolonged balloon inflation is not effective in stopping the blood 
loss, consideration is given to placing a covered stent (Wallgraft, 
BSC, Watertown, MA, USA) to seal the leak. Open surgical repair 
may also be considered [19].

Pseudoaneurysm
A pseudoaneurysm occurs when a hematoma continues to com
municate with the arterial lumen. Following PCI, routine ultra
sound screening will reveal pseudoaneurysms in up to 6% of 
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patients  compared to a 3% incidence if symptoms initiate the 
ultrasound investigation [20]. Low arterial access (superficial 
femoral artery or profunda femoris artery entry) has been associ
ated with pseudoaneurysm formation [21]. Other risk factors 
include female sex, age greater than 70 years, diabetes mellitus, 
and obesity [8].

Patients with pseudoaneurysms often present with pain at 
the access site several days following the intervention. On phys
ical examination, a pulsatile hematoma can be present with a 
systolic bruit. Management of a femoral pseudoaneurysm is 
dependent on its size, severity of symptoms, and need for con
tinued anticoagu lation. A small pseudoaneurysm (≤2 cm) will 
often resolve spon taneously. Larger pseudoaneurysms should 
be treated with ultrasound‐guided compression, percutaneous 
thrombin/collagen injection, endovascular coil insertion, or 
by  placement of covered stents. Surgical repair of pseudo
aneurysms is usually reserved for the failure of less invasive 
approaches.

Ultrasound‐guided compression
In 1991, Fellmeth et al. [22] described ultrasound‐guided compres
sion repair (UGCR) of femoral artery pseudoaneurysms. This 
method causes thrombosis of the pseudoaneurysm by compressing 
the neck of the pseudoaneurysm with the ultrasound probe and 
causing stasis. Variable success rates, ranging from 55% to 90%, 
have been reported [22–26].

Although many pseudoaneurysms can be successfully treated by 
this technique, UGCR does have limitations. It is time‐consuming 
and labor‐intensive. Compression times vary from 10 minutes to as 
long as 300 minutes, with 30 minutes being the average [27]. 
Intravenous sedation and analgesia are often required because this 
procedure can be uncomfortable for the patient. If the patient must 
continue anticoagulation after successful compression, close  follow‐
up is necessary as the risk of recurrence or rupture of the pseudoa
neurysm is increased [25]. Predictors of failure of UGCR to treat 
pseudoaneurysms include obesity, large pseudoaneurysm size, con
comitant anticoagulation therapy, and groin discomfort [25–27]. 
Ultrasound‐guided compression is unattractive or contraindicated 
in the presence of infection, a tense hematoma, or limb‐threatening 
ischemia.

Ultrasound‐guided thrombin injection
Percutaneous thrombin injection into the pseudoaneurysm with 
ultrasound guidance is another technique to treat pseudoaneu
rysms [28–34]. Despite its introduction in 1986, this technique 
has only recently gained wide acceptance. Multiple series have 
reported success rates of 86–97% for treatment of femoral artery 

pseudoaneurysms using bovine thrombin (500–10,000 IU) with 
sonographic guidance [29,30,32,34].

A risk associated with thrombin injection is that the injected 
thrombin can exit the pseudoaneurysm, enter the native circula
tion, and cause distal extremity thrombosis. Pezzullo et  al. [34] 
described distal thrombin embolization in 1 of 23 patients, and 
Cope and Zeit [35] reported distal thrombin embolization in 2 of 4 
(50%) patients. The risk of distal embolization can be minimized by 
directing the needle away from the neck of the pseudoaneurysm, 
thereby minimizing the risk of injecting thrombin into the native 
circulation.

Another technique to prevent distal thrombin embolization is 
the use of angioplasty balloon occlusion of the femoral artery at the 
site of the pseudoaneurysm neck during thrombin injection to pre
vent embolization. We have reported the successful closure of four 
femoral pseudoaneurysms using percutaneous thrombin injection 
with balloon occlusion (Figure  26.1) [36]. Briefly, the technique 
requires contralateral femoral artery access and inflation of a 
peripheral angioplasty balloon, sized 1 : 1 to the diameter of the 
reference vessel, across the origin of the pseudoaneurysm. This 
occludes flow in the common femoral artery and completely 
obstructs any flow into or out of the pseudoaneurysm. Thrombin is 
then percutaneously injected into the pseudoaneurysm sac without 
risk of distal embolization. The stasis induced by balloon occlusion 
facilitates thrombosis of the pseudoaneurysm with very small 
amounts of thrombin.

Patients who have had previous exposure to thrombin or bovine 
proteins are at risk of immunologic cross‐reactivity. Reported side 
effects include the development of hypotension, bradycardia, and 
the formation of inhibitors of coagulation factors, all presumed sec
ondary to the immunologic cross‐reactivity of bovine thrombin 
[37–39]. One report described an anaphylactic reaction after 
thrombin injection of a femoral pseudoaneurysm in a patient who 
had had repeated exposures to bovine thrombin [33]. Patients who 
have had prior exposure to bovine thrombin should undergo skin 
testing to detect possible allergy.

Biodegradable collagen injection
Percutaneous closure of femoral pseudoaneurysm by biodegrada
ble collagen injection is an innovative approach. Hamraoui et  al. 
[40] described this technique by injecting bovine collagen guided 
by angiography from the contralateral site. The overall success rate 
for this procedure was 108/110 (98%).

The advantages of this treatment include reduction in the risk of 
migration of the collagen plug through the neck of the pseudoaneu
rysm, and no reported cross‐reaction to human factor V [40]. 
However, its disadvantages include the need for contralateral femo
ral arterial access, and utilization of a large introducer sheath [41].

Covered stents
Covered stents have been used successfully to exclude femoral 
artery pseudoaneurysms [41,42]. Waigand et al. [41] described the 
successful treatment of 32 pseudoaneurysms with a covered stent. 
Thalhammer et  al. [42] reported the successful treatment of 16 
pseudoaneurysms with covered stents. The use of covered stents is 
not ideal if the pseudoaneurysm involves the bifurcation of the 
common femoral artery into the superficial femoral artery and the 
profunda femoris artery, as it will cause occlusion of the branch ves
sels. Placement of a self‐expanding covered stent into the common 
femoral artery may preclude future vascular access at this site. 
Covered stents can also be associated with an increased risk of 

 Box 26.1 Risk factors for femoral access bleeding [2–4]

Female gender
Elevated blood pressure
Prolonged in‐dwelling sheath time
Larger diameter sheath
Older age
Low body weight
Obesity
Larger heparin dose
Thrombolytic agents
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 subacute stent thrombosis and late stent occlusion, especially when 
deployed in a common femoral artery with poor run‐off [41,42].

Coil embolization
Successful closure of pseudoaneurysms has been reported with coil 
embolization [41,43]. Waigand et  al. [41] reported closure of the 
channel between the artery and the pseudoaneurysm by placing 
coils in 12 patients. In smaller channels, 0.014 inch coils (3 × 40 mm) 
were delivered through a 3 Fr Tracker (Target Therapeutics) cathe
ter, while larger coils (0.35 inch, 6 × 30 mm) were delivered in larger 
channels through a 5 Fr angiographic catheter.

Coil embolization of femoral pseudoaneurysms appears to be 
effective, but can be time‐consuming [41]. Other disadvantages 
include the potential for persistent flow between loosely packed 
coils. If the coils are placed superficially, local discomfort and pres
sure necrosis of the overlying skin can occur [43].

Surgical repair
Surgical repair, the conventional treatment of femoral artery pseu
doaneurysms, has largely been replaced with non‐surgical tech
niques. While surgery is effective, it is associated with significant 
morbidity, including postoperative discomfort, wound infection, 
increased costs, and prolonged hospital stay. The current strategy in 
most centers is to reserve surgical repair of a femoral pseudoaneu
rysm for those instances in which percutaneous therapies fail.

Arteriovenous fistulae
Arteriovenous fistulae (AVF) occur during vascular access when the 
percutaneous needle punctures the femoral artery and the overlying 
vein, creating a fistulous communication when the sheath is 
removed. The incidence of post‐catheterization AVF is approxi
mately 0.4% [14]. The risk of creating an AVF is increased by either 
a high or low femoral puncture, multiple puncture attempts, and 
prolonged clotting times [8]. Fistulae may not be clinically evident 
for several days following the procedure. Clinically, AVF is 

 characterized by a continuous to‐and‐fro murmur over the access 
site. In some cases, there may be a swollen and tender extremity as a 
result of venous dilatation, and in severe circumstances arterial 
insufficiency (steal syndrome) occurs [41]. The diagnosis of a sus
pected AVF can be confirmed by color flow Doppler ultrasound.

Most AVF following PCI are small, not hemodynamically sig
nificant, and close spontaneously [42]. Symptomatic AVF require 
closure to prevent increased shunting and distal swelling and 
 tenderness. Ultrasound‐guided compression and the use of  covered 
stents on the arterial side of the fistula have been successful in 
small numbers of patients [44]. In 1994, Uhlich et al. [44] success
fully closed a large AVF with a covered stent. Waigand et al. [42] 
reported successfully closing 21 AVF using covered stents. 
Thalhammer et al. [42] reported the use of covered stents in nine 
AVF. A significant disadvantage related to the use of covered stents 
for closure of an AVF is the increased incidence (12–17%) of stent 
thrombosis [44].

Percutaneous coil embolization has also been described in a 
small number of patients for the treatment of AVF. However, expe
rience with this technique remains limited [45]. Surgical repair, the 
traditional therapy for closure of catheterization‐related AVF, when 
necessary, has been displaced by percutaneous methods. Once 
again, surgical correction is reserved for those patients who fail a 
less invasive approach.

Lower extremity ischemia
Local thrombosis of the femoral artery or lower extremity vessel 
related to the access site is unusual, reported to occur in less than 
1% [46,47]. Risk factors include larger catheters or sheaths in rela
tively small arteries (catheter–artery mismatch), the presence of 
peripheral vascular disease, advanced age, cardiomyopathy, and 
the presence of hypercoagulable states (e.g., protein C or protein S 
deficiency, the lupus anticoagulant). In the absence of predisposing 
 factors, vessel dissection or spasm can contribute to arterial 
thrombosis.

(a) (c)(b)

Figure 26.1 (a) Arrowhead points to the pseudoaneurysm in the common femoral artery. (b) Isolation of the pseudoaneurysm with an inflated 
peripheral balloon catheter; pseudoaneurysm is filled by direct contrast injection. (c) Arrowhead points to the site of the resolved pseudoaneurysm 
after thrombin injection into aneurysm sac.
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Signs and symptoms are those typically found with acute extrem
ity ischemia (the five Ps): pain, pallor, paresthesia, pulseless, and 
polar (cold). The diagnosis of ischemia is suggested by physical 
examination and can be confirmed by duplex ultrasound. Patients 
with symptomatic, acute limb ischemia following vascular access 
should undergo angiography to characterize the anatomic basis for 
the ischemia. Treatment options include balloon angioplasty to 
restore flow with or without a selective infusion of thrombolytic 
therapy, stents, or catheter thrombectomy. If percutaneous methods 
fail, surgical thrombectomy and repair are required [47].

Dissection
Iatrogenic dissection of the femoral or iliac artery from PCI ranges 
from 0.01% to 0.4% [48,49]. Vascular access dissection contributes 
to the development of distal extremity ischemia, pseudoaneurysm, 
or thrombus formation. The recognition of a vascular dissection 
should be followed by angiography to characterize the extent of the 
dissection. Treatment includes balloon angioplasty, endovascular 
stent placement, or surgical repair to stabilize a flow‐limiting 
dissection.

Infection
Local infection at the site of arterial access occurs in less than 1% of 
patients following coronary interventional procedures [50]. The 
most common organisms isolated are Staphylococcus aureus and 
S. epidermidis [33]. Pyrogenic reactions following cardiac catheteri
zation generally occur within 1 hour of the procedure and manifest 
as fever, chills, and lethargy.

Upper extremity vascular access 
complications
Radial artery access
Transradial access for interventional coronary catheterization is 
being performed with increasing frequency because hemostasis can 
be obtained easily by local compression of the superficial course of 
the radial artery. Patients ambulate immediately after the procedure. 
A normal Allen’s test prior to the radial artery access ensures that 
radial arterial occlusion does not endanger the viability of the hand.

Kiemeneij et al. [51] reported successful coronary cannulation in 
93%, 95.7%, and 99.7% of patients randomized to undergo percuta
neous transluminal coronary angioplasty (PTCA) by the radial, 
brachial, and femoral approaches, respectively. A randomized com
parative study of PTCA using the radial, brachial, and femoral 
approaches reported that major access site complications were sim
ilar for brachial (2.3%) and femoral artery access (2.0%) but that no 
major complications occurred with radial artery access [51,52]. In a 
series of 563 patients who underwent transradial angioplasty with 6 
Fr guiding catheters, asymptomatic radial artery occlusion was 
found in only 2.8% of patients.

Although the radial artery is small in size, the availability of low 
profile catheters and devices makes it possible to perform PCI using 
6 or 7 Fr sheaths via the radial artery. In a study comparing PTCA 
with abciximab using either transradial or transfemoral approaches, 
no major access site bleeding complications occurred in the radial 
artery group, compared to 7.4% in the femoral artery group 
(p = 0.04) [53]. The transradial approach allows immediate post‐
procedural ambulation resulting in increased patient comfort. The 
disadvantages of the transradial approach include more frequent 
access failure than for the femoral approach, and the inability to 
perform procedures requiring larger sized sheaths.

Brachial artery access
Percutaneous brachial access has largely replaced the surgical cut
down (Sones technique) method for obtaining brachial artery 
access. The Society for Cardiac Angiography and Intervention reg
istry data suggested that the risk of access site‐related thrombosis 
increases fourfold with the brachial approach (0.96% vs. 0.22%; 
p < 0.001) compared with the femoral approach [47]. The most 
common complications associated with brachial artery access are 
bleeding, thrombosis, pseudoaneurysm formation, and brachial 
nerve compression. Thrombotic complications are more common 
than bleeding complications for brachial access compared to the 
femoral approach [54]. If a pulse deficit or other ischemic symptom 
suggests thrombosis after cannulation of the brachial artery, local 
thrombolysis or catheter thrombectomy are performed. If the prob
lem is an intimal flap or dissection, angioplasty or stent placement 
can be required to restore antegrade flow. If these less invasive 
measures are not successful, surgical repair is required.

Complications related to vascular 
closure devices
Vascular access closure devices are designed to facilitate hemostasis 
after percutaneous interventions and have been used to reduce the 
time to ambulation and to decrease hospital length of stay. In these 
regards, all currently available devices in the USA have shown 
favorable results [55–60]. However, these devices are prone to spe
cific complications and have not been demonstrated to reduce 
access site complications.

A retrospective single‐center experience of 425 patients treated 
with a collagen plug closure device (Angioseal, Daig, St. Paul, MN, 
USA) reported device failure (8%), bleeding (0.2%), pseudoaneu
rysm formation (0.5%), femoral artery stenosis (1.4%) as shown in 
Figure  26.2, infection (0.2%), and the need for surgical repair in 
1.6% [56].

In another trial of 1001 patients, two collagen plug devices, 
Vasoseal (Datascope, Montvale, NJ, USA) and Angioseal, and a 
suture‐mediated device (Techstar, Perclose, Redwood City, CA, 
USA) were compared to manual compression for hemostasis. Both 
collagen plug devices were found to have higher complication 
rates (1.5%; p = 0.02, and 2.6%; p = 0.0002, respectively) than man
ual compression (0.5%). The complications associated with the 
suture‐mediated device, Techstar, were not different from those of 
manual compression [56]. In a series including 1200 consecutive 
suture closure (Techstar) patients, complications included the 
development of a hematoma (2.1%), the need for vascular surgery 
(0.6%), retroperitoneal hemorrhage (0.3%), blood transfusion 
(0.7%), local infection (0.5%), and pseudoaneurysm formation 
(0.1%) [57].

In the initial US Feasibility Trial using the Duett vascular closure 
device (Vascular Solutions, Minneapolis, MN, USA), a vascular 
sealing device comprised of a balloon delivery catheter and a 
 flowable procoagulant consisting of thrombin and collagen, 
Mooney et al. [58] reported 4.7% of patients developed hematomas 
larger than 6 cm in diameter, and 2.3% of patients developed 
pseudoaneurysms.

A few centers around the country have developed endovascular 
rescue procedures for acute vessel closure related to abrupt femoral 
access closure devises, particularly for Angioseal (Daig, St. Paul, 
MN, USA) (Figure 26.2) and Perclose (Redwood City, CA, USA) 
(Figure  26.3), with anecdotal encouraging results. This involves 
obtaining contralateral femoral access, crossing over to the affected 
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(a)

(c) (d)

(b)

Figure 26.2 Angioseal common femoral artery injury. (a) demonstrates Angioseal closure injury of the common femoral artery with thrombus. 
(b) shows the lesion crossed with a 0.14 inch wire, distal embolic protection, and a balloon in place for dilatation. (c) shows the lesion after 
balloon dilatation and embolic debris in the filter. (d) shows the final result with wire and embolic protection removed.

(a) (c)(b)

Figure 26.3 Perclose common femoral artery injury. (a) demonstrates Perclose closure injury of the common femoral artery. (b) shows balloon 
dilatation of the injury site. (c) shows final result with wire and balloon removed.
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limb, advancing a 0.035 inch hydrophilic wire, traversing the clo
sure device lesion, and exchanging the wire with a 0.035 inch 
exchange catheter. A 0.014 inch filter is then advanced into the 
superficial femoral artery and a 0.014–0.035 inch balloon is 
advanced into the lesion and inflated; progressively larger balloons 
are used until the lesion is expanded and closure device is released. 
The filter is then retrieved with the remnants of the closure device 
and antegrade flow is usually re‐established. Directional atherec
tomy can be used in cases of endovascular deployment of plug‐
based devices (e.g., Angioseal collagen plug) after wire crossing and 
distal filter deployment. A stent is rarely advisable in the common 
femoral artery location. Referral for surgical repair of the femoral 
arterial access should also be considered because the exposure is 
rather superficial, often under local anesthesia and sedation.

Complications related to 
compression devices
Manual femoral artery compression has been compared with 
device compression with either a C‐clamp or a pneumatic compres
sion device (Femostop, RADI Medical Systems, Uppsala, Sweden) 
in 400 patients [59]. The pneumatic compression device required 
longer compression time, and patients experienced an increased 
frequency of bleeding, more frequent crossover to an alternate 
technique, and an increase in patient discomfort (Table 26.1) [59]. 
In another study of 185 PCI patients in whom abciximab was given, 
Chamberlain et  al. [60] compared three different methods of 
 femoral artery closure: Vasoseal (collagen plug), Perclose (suture 
closure), and Femostop (pneumatic compression). Vasoseal and 
Perclose had significantly lower rates of successful hemostasis than 
Femostop (78.8%, 85.7%, 100%, respectively; p < 0.001). Vasoseal 
was the only device with infection reported as a complication 
(1.9%; p = NS) [60].

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology

references
1 Muller DW, Shamir KJ, Ellis SG, Topol EJ. Peripheral vascular complications after 

conventional and complex percutaneous coronary interventional procedures. Am 
J Cardiol 1992; 69(1): 63–68.

2 Schomig A, Neumann FJ, Kastrati A, et al. A randomized comparison of antiplatelet 
and anticoagulant therapy after the placement of coronary‐artery stents. N Engl 
J Med 1996; 334(17): 1084–1089.

 3 Leon MB, Baim DS, Popma JJ, et al. A clinical trial comparing three antithrom
botic‐drug regimens after coronary‐artery stenting. Stent Anticoagulation 
Restenosis Study Investigators. N Engl J Med 1998; 339(23): 1665–1671.

 4 Investigators E. Platelet glycoprotein IIb/IIIa receptor blockade and low‐dose hep
arin during percutaneous coronary revascularization. N Engl J Med 1997; 336(24): 
1689–1696.

 5 Metz D, Meyer P, Touati C, et  al. Comparison of 6 F with 7 F and 8 F guiding 
 catheters for elective coronary angioplasty: results of a prospective, multicenter, 
randomized trial. Am Heart J 1997; 134(1): 131–137.

 6 Aguirre FV, Topol EJ, Ferguson JJ, et al. Bleeding complications with the chimeric 
antibody to platelet glycoprotein IIb/IIIa integrin in patients undergoing percuta
neous coronary intervention. EPIC Investigators. Circulation 1995; 91(12): 
2882–2890.

 7 Popma JJ, Satler LF, Pichard AD, et al. Vascular complications after balloon and 
new device angioplasty. Circulation 1993; 88(4 Pt 1): 1569–1578.

 8 Waksman R, King SB 3rd, Douglas JS, et al. Predictors of groin complications after 
balloon and new‐device coronary intervention. Am J Cardiol 1995; 75(14): 886–889.

 9 Friedman HZ, Cragg DR, Glazier SM, et al. Randomized prospective evaluation 
of prolonged versus abbreviated intravenous heparin therapy after coronary angio
plasty. J Am Coll Cardiol 1994; 24(5): 1214–1219.

10 Rabah M, Mason D, Muller DW, et al. Heparin after percutaneous intervention 
(HAPI): a prospective multicenter randomized trial of three heparin regimens 
after successful coronary intervention. J Am Coll Cardiol 1999; 34(2): 461–467.

11 Mandak JS, Blankenship JC, Gardner LH, et al. Modifiable risk factors for vascular 
access site complications in the IMPACT II Trial of angioplasty with versus without 
eptifibatide. Integrilin to Minimize Platelet Aggregation and Coronary 
Thrombosis. J Am Coll Cardiol 1998; 31(7): 1518–1524.

12 Lincoff AM, Tcheng JE, Califf RM, et al. Standard versus low‐dose weight‐adjusted 
heparin in patients treated with the platelet glycoprotein IIb/IIIa receptor antibody 
fragment abciximab (c7E3 Fab) during percutaneous coronary revascularization. 
PROLOG Investigators. Am J Cardiol 1997; 79(3): 286–291.

13 Omoigui NA, Califf RM, Pieper K, et al. Peripheral vascular complications in the 
Coronary Angioplasty Versus Excisional Atherectomy Trial (CAVEAT‐I). J Am 
Coll Cardiol 1995; 26(4): 922–930.

14 Johnson LW, Esente P, Giambartolomei A, et al. Peripheral vascular complications 
of coronary angioplasty by the femoral and brachial techniques. Catheter 
Cardiovasc Diagn 1994; 31(3): 165–172. Epub 1994/03/01.

15 Sreeram S, Lumsden AB, Miller JS, Salam AA, Dodson TF, Smith RB. 
Retroperitoneal hematoma following femoral arterial catheterization: a serious 
and often fatal complication. Am Surg 1993; 59(2): 94–98.

16 Kent KC, Moscucci M, Mansour KA, et al. Retroperitoneal hematoma after cardiac 
catheterization: prevalence, risk factors, and optimal management. J Vasc Surg 
1994; 20(6): 905–910; discussion 910–913.

17 Shih HC WY, Ko TJ, Wu JK, Su CH, Lee CH. Noninvasive evaluation of blunt 
abdominal trauma: prospective study using diagnostic algorithms to minimize 
nontherapeutic laparotomy. World J Surg 1999; 23: 265–270.

18 Rothlin MA, Naf R, Amgwerd M, Candinas D, Frick T, Trentz O. Ultrasound in 
blunt abdominal and thoracic trauma. J Trauma 1993; 34(4): 488–495.

19 Kazmers A, Meeker C, Nofz K, et al. Nonoperative therapy for postcatheterization 
femoral artery pseudoaneurysms. Am Surg 1997; 63(2): 199–204.

20 Moote DJ, Hilborn MD, Harris KA, Elliott JA, MacDonald AC, Foley JB. 
Postarteriographic femoral pseudoaneurysms: treatment with ultrasound‐guided 
compression. Ann Vasc Surg 1994; 8(4): 325–331.

21 Kim D, Orron DE, Skillman JJ, et al. Role of superficial femoral artery puncture in 
the development of pseudoaneurysm and arteriovenous fistula complicating per
cutaneous transfemoral cardiac catheterization. Catheter Cardiovasc Diagn 1992; 
25(2): 91–97.

Table 26.1 Comparison of femoral artery hemostasis techniques.

Pneumatic (%) Manual (%) C‐clamp (%) p

Prolonged time 35 13 20 <0.0001

Bleeding 16 3 4 <0.0001

Crossover 27 1 1 <0.001

Discomfort 3.1 2.2 1.9 <0.001

Prolonged time = greater than 13 min. Bleeding = in‐laboratory bleeding. Crossover occurred when an alternative method was required to 
achieve hemostasis. Discomfort was measured on a 1 (min) to 10 (max) point scale. Source: Lehmann KG, et al. 1999 [59].



CHAPTER 26 Access Site Complications 273

22 Fellmeth BD, Baron SB, Brown PR, et  al. Repair of postcatheterization femoral 
pseudoaneurysms by color flow ultrasound guided compression. Am Heart J 1992; 
123(2): 547–551.

23 Feld R, Patton GM, Carabasi RA, Alexander A, Merton D, Needleman L. Treatment 
of iatrogenic femoral artery injuries with ultrasound‐guided compression. J Vasc 
Surg 1992; 16(6): 832–840.

24 Hajarizadeh H, LaRosa CR, Cardullo P, Rohrer MJ, Cutler BS. Ultrasound‐guided 
compression of iatrogenic femoral pseudoaneurysm failure, recurrence, and long‐
term results. J Vasc Surg 1995; 22(4): 425–430; discussion 430–433.

25 Dean SM, Olin JW, Piedmonte M, Grubb M, Young JR. Ultrasound‐guided com
pression closure of postcatheterization pseudoaneurysms during concurrent anti
coagulation: a review of seventy‐seven patients. J Vasc Surg 1996; 23(1): 28–34, 
discussion 35.

26 Chatterjee T, Do DD, Kaufmann U, Mahler F, Meier B. Ultrasound‐guided com
pression repair for treatment of femoral artery pseudoaneurysm: acute and fol
low‐up results. Catheter Cardiovasc Diagn 1996; 38(4): 335–340.

27 Schaub F, Theiss W, Busch R, Heinz M, Paschalidis M, Schomig A. Management of 
219 consecutive cases of postcatheterization pseudoaneurysm. J Am Coll Cardiol 
1997; 30(3): 670–675. Epub 1997/09/01.

28 Liau CS, Ho FM, Chen MF, Lee YT. Treatment of iatrogenic femoral artery pseu
doaneurysm with percutaneous thrombin injection. J Vasc Surg 1997; 26(1): 18–
23. Epub 1997/07/01.

29 Kang SS, Labropoulos N, Mansour MA, et  al. Expanded indications for ultra
sound‐guided thrombin injection of pseudoaneurysms. J Vasc Surg 2000; 31(2): 
289–298. Epub 2000/02/09.

30 Brophy DP, Sheiman RG, Amatulle P, Akbari CM. Iatrogenic femoral pseudoaneu
rysms: thrombin injection after failed US‐guided compression. Radiology 2000; 
214(1): 278–282. Epub 2000/01/22.

31 Paulson EK, Sheafor DH, Kliewer MA, et al. Treatment of iatrogenic femoral arte
rial pseudoaneurysms: comparison of US‐guided thrombin injection with com
pression repair. Radiology 2000; 215(2): 403–408. Epub 2000/05/05.

32 La Perna L, Olin JW, Goines D, Childs MB, Ouriel K. Ultrasound‐guided thrombin 
injection for the treatment of postcatheterization pseudoaneurysms. Circulation 
2000; 102(19): 2391–2395. Epub 2000/11/09.

33 McNeil NL, Clark TW. Sonographically guided percutaneous thrombin injection 
versus sonographically guided compression for femoral artery pseudoaneurysms. 
AJR Am J Roentgenol 2001; 176(2): 459–462. Epub 2001/02/13.

34 Pezzullo JA, Dupuy DE, Cronan JJ. Percutaneous injection of thrombin for the 
treatment of pseudoaneurysms after catheterization: an alternative to sonographi
cally guided compression. AJR Am J Roentgenol 2000; 175(4): 1035–1040. Epub 
2000/09/23.

35 Cope C, Zeit R. Coagulation of aneurysms by direct percutaneous thrombin injec
tion. AJR Am J Roentgenol 1986; 147(2): 383–387. Epub 1986/08/01.

36 Samal AK, White CJ, Collins TJ, Ramee SR, Jenkins JS. Treatment of femoral artery 
pseudoaneurysm with percutaneous thrombin injection. Catheter Cardiovasc 
Interv 2001; 53(2): 259–263. Epub 2001/06/02.

37 Information Ad. Hemostatics 1997; 20: 12–16.
38 Dorion RP, Hamati HF, Landis B, Frey C, Heydt D, Carey D. Risk and clinical sig

nificance of developing antibodies induced by topical thrombin preparations. Arch 
Path Lab Med 1998; 122(10): 887–894. Epub 1998/10/24.

39 Pope M, Johnston KW. Anaphylaxis after thrombin injection of a femoral pseudoa
neurysm: recommendations for prevention. J Vasc Surg 2000; 32(1): 190–191. 
Epub 2000/07/06.

40 Hamraoui K, Ernst SM, van Dessel PF, et al. Efficacy and safety of percutaneous 
treatment of iatrogenic femoral artery pseudoaneurysm by biodegradable collagen 
injection. J Am Coll Cardiol 2002; 39(8): 1297–1304. Epub 2002/04/17.

41 Waigand J, Uhlich F, Gross CM, Thalhammer C, Dietz R. Percutaneous treatment 
of pseudoaneurysms and arteriovenous fistulas after invasive vascular procedures. 
Catheter Cardiovasc Interv 1999; 47(2): 157–164. Epub 1999/06/22.

42 Thalhammer C, Kirchherr AS, Uhlich F, Waigand J, Gross CM. Postcatheterization 
pseudoaneurysms and arteriovenous fistulas: repair with percutaneous implanta

tion of endovascular covered stents. Radiology 2000; 214(1): 127–131. Epub 
2000/01/22.

43 Murray A BT, Belli AM. Direct puncture coil embolization of iatrogenic pseudoa
neurysms. J Intervent Radiol 1994; 9: 183–186.

44 Uhlich FGM, Willenbrock R, Dietz R. Successful percutaneous closure of an 
 arteriovenous fistula with a covered stent. J Invasive Cardiol 1995; 7: 28A.

45 Lemaire JM, Dondelinger RF. Percutaneous coil embolization of iatrogenic femoral 
arteriovenous fistula or pseudo‐aneurysm. Eur J Radiol 1994; 18(2): 96–100. Epub 
1994/05/01.

46 Matsi PJ, Manninen HI. Complications of lower‐limb percutaneous transluminal 
angioplasty: a prospective analysis of 410 procedures on 295 consecutive patients. 
Cardiovasc Interv Radiol 1998; 21(5): 361–366. Epub 1998/12/16.

47 Dacie JE, Goldin J. The value of interventional techniques in the management of 
symptomatic leg ischaemia complicating transfemoral cardiac procedures. Clin 
Radiol 1994; 49(11): 779–783. Epub 1994/11/01.

48 Manke C, Geissler A, Seitz J, et al. Temporary Strecker stent for management of 
acute dissection in popliteal and crural arteries. Cardiovasc Interv Radiol 1999; 
22(2): 141–143. Epub 1999/03/30.

49 Jahnke T, Voshage G, Muller‐Hulsbeck S, Grimm J, Heller M, Brossmann J. 
Endovascular placement of self‐expanding nitinol coil stents for the treatment of 
femoropopliteal obstructive disease. J Vasc Interv Radiol 2002; 13(3): 257–266. 
Epub 2002/03/05.

50 Samore MH, Wessolossky MA, Lewis SM, Shubrooks SJ Jr, Karchmer AW. 
Frequency, risk factors, and outcome for bacteremia after percutaneous trans
luminal coronary angioplasty. Am J Cardiol 1997; 79(7): 873–877. Epub 
1997/04/01.

51 Kiemeneij F, Laarman GJ, Odekerken D, Slagboom T, van der Wieken R. A rand
omized comparison of percutaneous transluminal coronary angioplasty by the 
radial, brachial and femoral approaches: the access study. J Am Coll Cardiol 1997; 
29(6): 1269–1275. Epub 1997/05/01.

52 Stella PR, Kiemeneij F, Laarman GJ, Odekerken D, Slagboom T, van der Wieken R. 
Incidence and outcome of radial artery occlusion following transradial artery cor
onary angioplasty. Catheter Cardiovasc Diagn 1997; 40(2): 156–158. Epub 
1997/02/01.

53 Choussat R, Black A, Bossi I, Fajadet J, Marco J. Vascular complications and clini
cal outcome after coronary angioplasty with platelet IIb/IIIa receptor blockade: 
comparison of transradial vs transfemoral arterial access. Eur Heart J 2000; 21(8): 
662–667. Epub 2000/03/25.

54 Jevnikar AM, Finnie KJ, Dennis B, Plummer DT, Avila A, Linton AL. 
Nephrotoxicity of high‐ and low‐osmolality contrast media. Nephron 1988; 48(4): 
300–305. Epub 1988/01/01.

55 Eidt JF, Habibipour S, Saucedo JF, et al. Surgical complications from hemostatic 
puncture closure devices. Am J Surg 1999; 178(6): 511–516. Epub 2000/02/12.

56 Carey D, Martin JR, Moore CA, Valentine MC, Nygaard TW. Complications of 
femoral artery closure devices. Catheter Cardiovasc Interv 2001; 52(1): 3–7; discus
sion 8. Epub 2001/01/09.

57 Fram DB, Giri S, Jamil G, et al. Suture closure of the femoral arteriotomy following 
invasive cardiac procedures: a detailed analysis of efficacy, complications, and the 
impact of early ambulation in 1,200 consecutive, unselected cases. Catheter 
Cardiovasc Interv 2001; 53(2): 163–173. Epub 2001/06/02.

58 Mooney MR, Ellis SG, Gershony G, Yehyawi KJ, Kummer B, Lowrie M. Immediate 
sealing of arterial puncture sites after cardiac catheterization and coronary inter
ventions: initial US feasibility trial using the Duett vascular closure device. Catheter 
Cardiovasc Interv 2000; 50(1): 96–102. Epub 2000/05/18.

59 Lehmann KG, Heath‐Lange SJ, Ferris ST. Randomized comparison of hemostasis 
techniques after invasive cardiovascular procedures. Am Heart J 1999; 138(6 Pt 1): 
1118–1125. Epub 1999/11/30.

60 Chamberlin JR, Lardi AB, McKeever LS, et  al. Use of vascular sealing devices 
(VasoSeal and Perclose) versus assisted manual compression (Femostop) in trans
catheter coronary interventions requiring abciximab (ReoPro). Catheter 
Cardiovasc Interv 1999; 47(2): 143–147; discussion 8. Epub 1999/06/22.



274

Interventional Cardiology: Principles and Practice, Second Edition. Edited by George D. Dangas, Carlo Di Mario, and Nicholas N. Kipshidze. 
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.

Chronic kidney disease (CKD) is recognized as a major global 
 public health problem affecting 8–16% of the adult population 
worldwide [1]. The Kidney Disease: Improving Global Outcomes 
(KDIGO) study defines CKD as abnormalities of kidney structure 
or function, present for 3 months or longer, with implications for 
health. Glomerular filtration rate (GFR) is generally accepted as the 
best overall index of kidney function while albuminuria is the best 
marker of kidney damage. The preferred equation to calculate 
 estimated glomerular filtration rate is that of the Chronic Kidney 
Disease Epidemiology Collaboration (commonly known as the 
CKD‐EPI) [2]. CKD is classified into six stages of estimated GFR 
(1, 2, 3A, 3B, 4, and 5) and three albuminuria stages (1, 2, and 3), with 
stage 1 representing normal values and the higher stages reflecting 
more severe disease [3]. A GFR <60 mL/min/1.73 m2 is referred as 
decreased GFR and a GFR <15 mL/min/1.73 m2 as kidney failure [3].

The prevalence of coronary artery disease (CAD) in patients with 
CKD is high and is a major cause of morbidity and mortality [4]. 
A meta‐analysis by the CKD Prognosis Consortium demonstrated 
associations of GFR <60 mL/min/1.73 m2 with subsequent risk of 
all‐cause and cardiovascular mortality, kidney failure, acute kidney 
injury (AKI), and CKD progression in the general population and 
in populations with increased risk for cardiovascular disease [4,5].

Myocardial revascularization in patients with CKD by either 
 percutaneous or surgical approaches is aggravated by a higher rate 
of complications than in patients without CKD [6–12]. Contrast‐
induced acute kidney injury (CIAKI) represents one of the most 
common complications in this subset of patients.

Contrast‐induced acute kidney injury
CIAKI is defined as the acute kidney damage occurring following 
iodinated contrast media (CM) exposure in the absence of other 
causes.

CIAKI is the third most common cause of hospital‐acquired AKI 
after impaired renal perfusion and use of nephrotoxic medications, 
and accounts for 10% of all causes of hospital‐acquired renal failure 
[13–15]. CIAKI is also associated with increased health resource 
utilization, prolongation of hospital stay, increased long‐term 
 mortality, and accelerated progression of CKD and represents a 
powerful predictor of poor early and late outcome [16].

Risk factors and scores
Various cut‐off criteria have been proposed to identify a clinically 
relevant renal function deterioration following contrast agent expo
sure. Currently, an increase in serum creatinine (sCr) ≥25% and/or 
≥0.5 mg/dL (44 mmol/L) from baseline assessed within 48 hours 
after CM exposure is generally accepted as the recommended 
threshold [17,18].

Several risk scores have been proposed to assess the individual 
risk of developing CIAKI. They represent an effective tool to 
identify patients at high risk for CIAKI who would benefit from 
prophylactic therapy. Risk factors for CIAKI are: age ≥75 years, 
pre‐existing CKD, diabetes mellitus, high volume of CM, multiple 
myeloma, heart failure, hemodynamic instability, or other cause 
of reduced renal perfusion. CKD (defined as a eGFR < 60 mL/
min/1.73 m2) represents the most important predictor, therefore 
it is recommended to estimate in each patient exposed to CM the 
baseline renal function by estimating the glomerular filtration 
rate (eGFR) using the CKD‐EPI or the Modification of Diet on 
Renal Disease (MDRD) equations to estimate GFR (eGFR), 
instead of focusing solely on sCr. The risk score proposed by 
Mehran et  al. [19] is simple to calculate and very useful for 
individual patient risk assessment. An increased score is strongly 
associated with CIAKI, from 7.5% (low risk score) to 57.3% (high 
risk score). A new score has been recently elaborated by Gurm 
et al. [20] which requires a computer for calculation and, unlike 
the previous score, has the benefit of being composed solely of 
preprocedural variables. The prediction model stratifies patients 
into low risk (<1%), intermediate risk (1–7%), and high‐risk 
(>7%) categories based on the risk of CIAKI and has a higher 
discrimination than previously reported models. These scores 
are very useful in clinical practice for two reasons: (i) because 
they allow better definition of the risk in individual patients 
before contrast exposure, and (ii) consequ ently, help clinicians to 
target the most appropriate prophylactic strategy in each patient.

Pathophysiology
The mechanisms by which CIAKI occurs are complex and not 
well understood. However, it is widely held that a combination of 
mechanisms (hemodynamic, toxic, and osmotic) need to act in 
 concert to cause CIAKI (Figure 27.1) [21].
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Medullary hypoxia
The deeper portion of the outer medulla, which is particularly 
exposed to hypoxic damage, is the kidney region where contrast 
nephrotoxicity take place. Hypoxia derives mainly from decrease in 
renal medullary perfusion. CM augments fluid viscosity and the 
resistance to flow in renal tubules; the increase of renal interstitial 
pressure reduces both renal medullary flow and glomerular filtra
tion rate and can lead to diminished renal perfusion (tubulo‐ 
glomerular feedback). Contrast osmolarity seems to have a role, but 
only if it is high (>1000 mOsm/kg of H2O).

Renal tubular damage
CM promote reactive oxygen species (ROS) generation. Oxygen 
radicals are highly reactive and can directly damage renal  endothelial–
epithelial cells or induce renal microvessel constriction (e.g.,  via 
endothelin‐A receptor activation). In addition to the ischemic 
changes to the renal tubules, CM has a cytotoxic effect on the tubular 
epithelial cells by activating apoptosis via three mechanisms: (i) ROS, 
(ii) JNK and p38 kinases, and (iii) the intrinsic (or mitochondrial) 
pathway of apoptosis [22,23]. This effect seems to be time‐ and 
dosage‐dependent.

Diagnosis and novel biomarkers
The classifications of CIAKI proposed are based on the variation of 
two parameters: sCr or GFR, and urinary flow. The diagnostic 
 criteria for kidney damage are summarized in Table 27.1 [24,25]. 
Levels of sCr usually begin to rise within 24–48 hours of CM expo
sure, peaking at 2–3 days and returning to baseline values within 
2  weeks. This is mainly caused by two significant limitations of 

 dosing sCr. First, creatinine excreted in the urine is not solely a 
result of glomerular filtration, but also of renal tubular secretion. 
This means that changes in sCr will underestimate the true fall in 
GFR. Second, following an acute fall in GFR, less creatinine is 
excreted. The retained creatinine is distributed in total body water 
and, although the injury induced by CM impairs GFR almost 
immediately, it requires 24–48 h for the fall in GFR to be reflected in 
an elevated level of sCr. This implies an intrinsic delay of treatment 
of patients who will develop CIAKI and, on the contrary, a pro
longed hospital stay in patients who will not develop CIAKI. Serum 
creatinine levels are still considered the major marker of CIAKI, but 
for these limitations other biomarkers that allow an earlier diagno
sis of AKI have been proposed [26].

The cystatin C (CyC) is produced at a relatively constant rate by 
nucleated cells and is not affected by renal tubular secretion or 
pharmacologic treatments [27]. In a study on 410 patients with 
CKD undergoing percutaneous procedures, an increase in serum 
CyC ≥10% in 24 hours after the procedure showed a sensitivity of 
100% and a specificity of 86% in predicting CIAKI [28]. In addition, 
the CyC demonstrated to be an independent predictor of adverse 
events at follow‐up [28,29].

The neutrophil gelatinase associated lipocalin (NGAL) is a pro
tein whose production is induced by an acute injury to the renal 
tubular epithelium. The NGAL has been shown to be one of the 
most promising biomarkers of AKI, an increase both in the serum 
and urinary NGAL within 2–4 hours after administration of CM is 
a strong predictor of CIAKI [30–32]. A recent meta‐analysis found 
that NGAL levels between 100 and 270 ng/mL have a high sensitiv
ity and specificity for AKI [33].
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Figure 27.1 Pathogenesis of contrast‐induced acute kidney injury (CIAKI): the combination of mechanisms that acting in concert lead to CIAKI.
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The kidney injury molecule‐1 (KIM‐1) is a transmembrane 
adhesion protein of type 1, the expression of which increases in the 
proximal tubule cells in response to ischemic injury. A soluble form 
can be detected in the urine of animal models and in patients with 
acute renal failure due to CIAKI [34].

Prevention of CIAKI
The optimal strategy to prevent CIAKI remains uncertain. At 
present, the best approach to prevent CIAKI is to identify patients 
at risk using risk scores, to minimize the amount of administered 
CM (low or iso‐osmolality contrast) and provide adequate peri‐
procedural hydration [35]. The use of antioxidant compounds 
like N‐acetylcysteine (NAC) or statins, although not part of the 
official recommendations, also seems to have a role in preventing 
CIAKI [36–39], while the use of nephrotoxic drugs should be 
suspended for at least 2 days prior to CM exposure. The role 
of  prophylactic renal replacement therapies (RRT), such as 
hemofiltration, is still debated and limited to patients at very 
high risk.

Volume supplementation
Hydration is considered one of the major beneficial measures for 
prevention of CIAKI [35]. Volume supplementation prevents 
CIAKI mostly via two mechanisms:
1 The inhibition of arginine‐vasopressine (via vagal inputs from 

the mechanoreceptors located at the atrial–venous junctions 
and by a direct effect of osmolality on the supra‐aortic nuclei), 
and

2 The increase in medullary perfusion and regional pO2 by induc
ing an increase of urine flow rates, that reduces the concentration 
of CM in the tubule and expedites CM excretion [21,40].

This implies a reduction of the exposure time of tubular cells to the 
toxic effects of CM. Hydration with isotonic saline (0.9% NaCl) 
should be started intravenously 12 hours prior to the procedure at a 
rate of 1 mL/kg/h and should be continued for 12 hours following 
the procedure. In patients with unstable hemodynamic conditions, 
where there is a particular concern regarding volume overload, at 
least 0.5 mL/kg/h intravenous saline infusion should be received 
before contrast exposure. The post‐procedure hydration target can 
be adjusted according to urine output which should remain above 
150 mL/h. The optimal hydration regimen should be defined 
according to a pre‐defined clinical marker. Two markers have been 
identified: (i) urine flow rate [41], and (ii) left ventricular end‐dias
tolic pressure (LVEDP) [42].

Urine flow rate High urine flow rate reduces the incidence of 
CIAKI via several effects. Data from the PRINCE study indicated 
that the increase in urine flow rate (≥150 mL/h) reduces the toxic 
effect of CM [43].The RenalGuard system (PLC Medical System, 
Inc. Franklin, MA, USA) has been developed to facilitate optimal 
hydration therapy [44]. This device allows high urine output to be 
achieved while simultaneously balancing urine output and venous 
fluid infusion to prevent hypovolemia. Randomized trials [45,46] 
have demonstrated the effectiveness of this system in significantly 
reducing the incidence of CIAKI compared with standard hydra
tion in patients at high risk.

Left ventricular end diastolic pressure The POSEIDON trial [42] 
sought to determine the efficacy of a novel fluid protocol based 
upon the LVEDP. This single center study included 396 patients 
undergoing cardiac catheterization with an estimated GFR ≤60 mL/
min/1.73 m2 and one or more of diabetes mellitus, history of 
 congestive heart failure, hypertension, or age >75 years and who 
were randomly allocated to LVEDP guided volume expansion or 
standard hydration (control group). Both groups received intrave
nous 0.9% sodium chloride at 3 mL/kg for 1 hour prior to cardiac 
catheterization. In the LVEDP group, the fluid rate was adjusted 
according to the LVEDP as follows: 5 mL/kg/hr for LVEDP 
<13 mmHg; 3 mL/kg/hr for 13–18 mmHg, and 1.5 mL/kg/hr for 
>18 mmHg. The control group hydration rate was 1.5 mL/kg/hr. 
For both groups, the fluid rate was set at the start of the procedure, 
continued during the procedure, and for 4 hours post‐procedure. 
CIAKI occurred less frequently among patients randomized to the 
LVEDP‐guided group than the control group (6.7% vs. 16.3%; 
p = 0.005).

It is still controversial whether some solutions are superior to 
others. Evidence suggests that hydration with sodium bicarbonate, 
compared with isotonic saline, represents an effective strategy to 
prevent CIAKI [47–51]. However, the recent randomized trial for 
the prevention of contrast induced nephropathy in patients with 
chronic kidney disease, the Bicarbonate or Saline Study (BOSS) 
trial, enrolling 376 patients who underwent either coronary or 
peripheral angiogram, failed to demonstrate a superiority of sodium 
bicarbonate over sodium chloride solution in preventing CIAKI, 
although a reduction in the the death rate was seen [52]. The use of 
sodium bicarbonate infusion allows volume supplementation for 
shorter periods and can also further reduce the generation of 
injurious oxygen‐free radicals. The higher amount of bicarbonate 
in the proximal convoluted tubule can buffer the higher amount of 

Table 27.1 RIFLE and AKIN criteria [24,25].

RIFLE criteria ( 7 days)

Class Criteria: GFR Criteria: urine output

R–Risk Increase sCr × 1.5 or GFR 
decrease >25%

<0.5 mL/kg/hr for 6 hr

I–Injury Increase sCr × 2 or GFR 
decrease >25%

<0.5 mL/kg/hr for 12 hr

F–Failure Increase sCr × 3 or GFR 
decrease >75% or SCr 
≥4 mg/dL

<0.3 mL/kg/hr for 24 hr or 
anuria for 12 hr

L–Loss Persistent kidney failure >4 weeks

E–ESKD Terminal kidney injury >3 months

AKIN criteria (48 hour)

Stage
Criteria: serum 
creatinine Criteria: urine output

1 Increase of sCr × 1.5 or 
>0.3 mg/dL

< 0.5 mL/kg/hr for 6 hr

2 Increase of sCr × 2 < 0.5 mL/kg/hr for 6 hr

3 Increase of sCr × 3 or 
>4 mg/dL

< 0.3 mL/kg/hr for >24 hr 
or anuria for 12 hr

eGFR, estimated glomerular filtration rate; sCr, serum creatinine.



CHAPTER 27 Renal Insufficiency and the Impact of Contrast Agents 277

H+ due to cellular hypoxia and facilitate Na+ reabsorption through 
the  electrogenic co‐transposer [53]. Free‐radical formation is 
promoted by an acidic environment typical of tubular urine but is 
inhibited by the higher pH of normal extracellular fluid [54]. It has 
been hypothesized that alkalinizing renal tubular fluid with 
bicarbonate reduces injury [47]. Patients undergoing volume 
supplementation with the abovementioned protocol should receive 
154 mEq/L NaHCO3, as a bolus of 3 mL/kg/hour for 1 hour prior to 
CM administration, followed by an infusion of 1 mL/kg/hour for 
6 hours after the procedure.

Contrast media
Type of contrast agents
Osmolality has an important role in the pathophysiology of CIAKI 
[21]. It has been reported that low osmolality (LOCM) and iso‐
osmolality contrast agent (IOCM) are less nephrotoxic than high 
osmolar contrast agents (HOCM) [55]. HOCM is highly charged 
and highly osmolar (≈1500 mOsm/kg H2O). It is still controversial 
whether IOCM (≈290 mOsm/kg H2O) is less nephrotoxic than 
LOCM (≈700–800 mOsm/kg H2O). While early studies suggested a 
role for osmolality in the pathogenesis of CIAKI at high osmolali
ties (>1000 mOsm/kg H2O), for CM with an osmolality in the range 
of 290 to approximately 800 mOsm/kg H2O, other physicochemical 
characteristics, such as viscosity, perhaps have a greater role in the 
development of CIAKI blocking the protective benefit of lower 
osmolality [56]. To date, no consensus has been reached on the 
 relative importance of osmolality and viscosity and the current 
guidelines recommend the use of either IOCM or LOCM (other 
than iohexol and ioxaglate) in patients with CKD undergoing 
 angiography [57].

In the NEPHRIC trial [58], enrolling 126 patients with diabetes 
mellitus and CKD, CIAKI occurred in 3% of patients in the IOCM 
group and 25% in the LOCM group (p = 0.003). However, this 
result has not been confirmed in other observational [59] and 
randomized trials [60]. In the CARE trial [60], 414 patients with 
an eGFR of 20–59 mL/min scheduled for a percutaneous coronary 
procedure were randomized to LOCM iopamidol (796 mOsm/kg 
of H2O) or IOCM iodixanol (290 mOsm/kg H2O). No significant 
differences overall and in the subgroup of diabetic patients existed 
in the primary CIAKI endpoint (a post‐procedural sCr increase 
of  ≥0.5 mg/dL) or in the secondary CIAKI endpoints (a post‐
procedural sCr increase of ≥25% over baseline, a post‐dose eGFR 
decrease of ≥25% and the mean peak change in serum creatinine 
of >0.50 mg/dL). Finally, in a meta‐analysis comparing the  iso‐
osmolar iodixanol with LOCM, the pooled relative rate (RR) was 
0.68 (95% CI 0.46–1.01; p = 0.06), while in the studies that included 
only patients with decreased kidney function after CM 
administration the RR was 0.59 (95% CI 0.33–1.07; p = 0.08). 
However, when iohexol was the LOCM used, the risk of CIAKI 
was significantly lower than with iodixanol (RR 0.38; 95% CI 0.21–
0.68; p <0.01) [61].

Volume of contrast agents
The use of a small volume of contrast dye and the avoidance of 
closely spaced repetitive studies represents one of the most impor
tant recommendations to prevent CIAKI [18]. Low volume has 
been variably defined as a total absolute volume <100 mL, <125 mL, 
<140 mL, or a volume adjusted for body weight of <5 mL/kg (to a 
maximum of 300 mL) divided by the plasma creatinine concentra
tion [62]. It has been suggested that use of the iodine dose : glomer
ular filtration rate (I/GFR) ratio may be a more expedient way of 

improving risk assessment of CIAKI than the most common prac
tice of estimating CM dose from body weight alone [63]. Chapters 4, 
7, and 18 illustrate some of the principles used to minimize contrast 
use. General recommendations include limitations in the diagnos
tic angiogram pre‐PCI to few essential views especially for urgent 
unstable patients for whom treatment should be limited to the cul
prit artery, injections limited to the minimum required to assess 
proper positioning of devices and final result, filming the balloon 
during expansion or using fluoroscopic optimization of the stent 
visualization (stent “boost” modality), or using automated contrast 
injectors and catheters without side holes.

Pharmacologic therapy
The generation of ROS subsequent to CM exposure of vasa recta 
and tubule cells and the consequent apoptosis activation have 
been considered an important pathophysiologic cause of CIAKI 
[21]. In recent years many clinical studies have been conducted to 
test the use of antioxidant compounds in an attempt to prevent 
CIAKI. The most investigated drugs are NAC, ascorbic acid, and 
statins.

N‐acetylcysteine
NAC is a thiol compound classically known as a mucolytic agent, 
which is used to thin mucus especially in patients with respiratory 
disease. NAC is a potent antioxidant that scavenges a wide variety of 
oxygen‐derived free‐radicals. It may be capable of preventing 
CIAKI by stopping direct oxidative tissue damage and also by 
improving renal hemodynamics [64–66]. The antioxidant effect of 
NAC seems to be dose‐dependent [67,68]. The molecular mecha
nisms of NAC on CIAKI prevention have been clearly elucidated in 
in vitro experiments. Recent studies demonstrate that NAC exerts 
its antioxidant properties preventing kidney cell death by inhibiting 
oxygen‐free radical production and thus stress kinases and apopto
sis activation upon CM exposure [69,70]. However, the results on 
the use of NAC are conflicting. While initial studies by Tepel et al. 
[64] showed that NAC (600 mg orally twice daily) plus hydration 
was more effective than hydration alone in preventing CIAKI in 
patients with CKD undergoing computed tomography, a recent 
large randomized trial [71] failed to demonstrate the superiority of 
NAC versus placebo in reducing the incidence of CIAKI in patients 
undergoing coronary angiography. Although a recent meta‐analysis 
of 30 trials showed a renoprotective benefit with NAC [72], the 
most recent guidelines do not recommend NAC for CIAKI preven
tion [35].

Ascorbic acid
Additional evidence of the effectiveness of an antioxidant strategy 
comes from the observation by Spargias et al. [73], who investigated 
the impact of ascorbic acid in preventing CIAKI. In vitro and in vivo 
studies have also demonstrated a role for ascorbic acid in the pre
vention of CIAKI [74,75]. A combination of different antioxidant 
compounds was tested by Briguori et al. [76]. Consecutive patients 
with CKD were randomly assigned to prophylactic administration 
of 0.9% saline infusion plus NAC, sodium bicarbonate infusion plus 
NAC, or 0.9% saline plus ascorbic acid plus NAC. The combined 
prophylactic strategy of sodium bicarbonate plus NAC was supe
rior in preventing CIAKI in patients at medium‐to‐high risk under
going contrast exposure. The lack of favorable protective effect of 
the combination of ascorbic acid plus NAC compared to NAC alone 
suggests additional and/or alternative mechanism(s) (other 
than  antioxidant effect) which require further investigation. We 
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 hypothesize that NAC and ascorbic acid work through similar path
ways while the protective action of bicarbonate may be different in 
comparison to NAC and therefore additive.

Statins
Besides the common use of the 3‐hydroxy‐3‐methylglutaryl 
coenzyme A (HMG‐CoA) reductase inhibitors to decrease 
cholesterol levels, they have several “pleiotropic” effects through 
their non‐lipid‐related mechanisms acting on inflammation 
responses, endothelial function, plaque stability, thrombus 
formation, and apoptotic pathway [77]. In vitro models indicate 
that pre‐treatment with atorvastatin prevents CM‐induced renal 
cell apoptosis by reducing stress kinase activation and restored the 
survival signals mediated by Akt and Erks signal transduction 
pathways [78]. Many studies have investigated the effectiveness of 
statins pre‐treatment in reducing the incidence of CIAKI [78–83] 
and demonstrated that preprocedural high dose statin treatment 
reduces the risk of CIAKI and the need for RRT in patients 
undergoing coronary angiography and/or percutaneous inter
ventions. Moreover, most recent investigations confirmed that 
rosuvastatin in statin‐naïve patients with both stable and acute 
coronary syndrome scheduled for early invasive procedure could 
prevent CIAKI [82,83]. The most recent guidelines recommend 
high doses of statin for CIAKI prevention [35].

Other medications
Because of the potential role of focal renal vasoconstriction induced 
by contrast agents, numerous vasodilator drugs have been tested for 
prevention of CIAKI. Theophylline [84], nifedipine [85], adenosine 
[86], endothelin receptor antagonists [87], atrial natriuretic peptide 
[88], dopamine, and fenoldopam [89–91] do not seem to be effec
tive. A randomized double‐blind placebo‐controlled trial showed 
that prophylactic administration of iloprost in patients with CKD, 
undergoing coronary angiography and/or intervention, may pro
tect against CIAKI [92].

Compelling data support that neither mannitol nor furosemide 
offer additional protection against radiocontrast‐induced nephro
toxicity as compared with saline hydration alone in either diabetic 
or non‐diabetic patients [93,94].

Ischemic remote preconditioning
In addition to the effects of local ischemia, remote ischemia can 
protect distant organs or tissue during subsequent ischemia [95]. 
This has been termed remote ischemic preconditioning (RIPC) 
[96]. RIPC is a method by which the deliberate induction of tran
sient non‐lethal ischemia of an organ protects against subsequent 
ischemic injury of another organ. The potential use of RIPC has 
been mostly evaluated in the setting of myocardial protection. 
There are also preliminary data suggesting that RIPC prior to both 
cardiac surgery and CM administration protects against AKI [97]. 
In a randomized double‐blind trial, 100 patients with CKD were 
subjected to RIPC or to a sham procedure prior to elective coro
nary angiography [98]. RIPC was induced by intermittent arm 
ischemia generated by four cycles of 5‐minute inflation of a blood 
pressure (BP) cuff to 50 mmHg above individual systolic pressure 
within 45 minutes before angiography. The sham procedure con
sisted of inflation of a BP cuff to individual diastolic pressure, fol
lowed by deflation to 10 mmHg. All patients received also 
acetylcysteine and a continuous saline infusion. The incidence of 
CIAKI was 6% in the RIPC group versus 20% in the sham group 
(OR 0.21, 95% CI 0.07–0.57). In a second trial, 225 patients with a 

non‐ST‐segment elevation myocardial infarction were randomly 
assigned to receive RIPC or a sham procedure prior to the coro
nary intervention [99]. RIPC consisted of four cycles of 30 second 
inflation, followed by 30 seconds deflation of the stent balloon dur
ing the PCI procedure; the sham procedure consisted of four cycles 
of 30‐second inflation to only 3 atm pressure, followed by defla
tion. Even in this study, CIAKI occurred less frequently in the 
RIPC group than in the sham group (12.4% vs. 29.5%, respectively, 
OR 0.34, 95% CI 0.16–0.71). These results, although compelling 
(particularly because RIPC is conferred using different modalities 
and at different time points prior to contrast exposure), require 
confirmation in larger randomized trials to determine the underly
ing mechanism of protection and before RIPC can be recom
mended as a preventive measure for CIAKI [100]. In addition, the 
safety of repetitive balloon inflations in a coronary artery post‐
stenting remains unclear.

Renal replacement therapy
Hemofiltration is expensive, time consuming, logistically cumber
some, and associated with significant risks. Its effectivess compared 
with other less expensive strategies is not well established so this 
treatment modality should be reserved for patients who already 
have fairly advanced renal insufficiency [101]. Marenzi et al. [102] 
found that, compared with intravenous saline, hemofiltration 
administered as prophylactic therapy in high‐risk patients was 
associated with: (i) a lesser likelihood of the serum creatinine rising 
>25% (5% vs. 50%); (ii) a lesser likelihood of requiring dialysis (3% 
vs. 25%), and (iii) a lower in‐house (2% vs. 14%) and 1‐year mortal
ity (10% vs. 30%). However, it has been pointed out that creatinine 
removal by the hemofiltration procedure can be sufficient to explain 
the decreased frequency of elevation in the serum creatinine. 
Moreover, the control group had an unusually high incidence of 
acute renal failure, attributable to the excessive volume of contrast 
media used and, possibly, to the absence of optimal pharmacologic 
prophylaxis. Patients in the hemofiltration group were cared for in 
an intensive care unit; their greater intensity of care relative to the 
control group may explain why hemofiltration was associated with 
improved short‐ and long‐term survival. In contrast, the same 
authors found that hemofiltration performed only post‐contrast 
exposure is not effective [103]. Recently, data from Spini et al. [104] 
confirmed that continuous renal replacement therapy (CRRT) per
formed before and after PCI is more effective for CIAKI prevention 
in patients with severe CKD in comparison to CRRT performed 
only after, is capable of significantly reducing sCr levels and increas
ing eGFR values, and is associated with a lower mortality rate 
 during follow‐up. Given the aforementioned limitations, the appli
cability of these findings to current clinical practice remains 
unclear. Table 27.2 depicts the approach proposed to prevent CIAKI 
based on current evidence.

Conclusions
The optimal strategy to prevent CIAKI remains uncertain. The 
most recent guidelines [35,105] recommend: (i) a peri‐procedural 
intravenous volume expansion with isotonic sodium chloride, (ii) 
the use of a low or iso‐osmolality contrast agents, and (iii) to limit 
the volume of the administered contrast agent. Adequate hydration 
should be guided according to LVEDP and/or urine flow rate. The 
RenalGuard system seems to be helpful in preventing CIAKI by 
allowing a high urine flow rate and optimal fluid balance. Statins 
can be effective in reducing oxidative stress and therefore preventing 
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renal cell apoptosis. Additional data are necessary to clarify the role 
of RIPC in routine clinical practice.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Optimal clinical outcomes, the minimum of clinical complications, 
and the avoidance of harm to staff are among the pillars supporting 
any successful interventional cardiac laboratory. Achieving such 
results requires continuing diligence and commitment from the 
host institution, all physician operators, and laboratory staff. Space 
constraints limit this chapter to selected topics but additional 
reviews are available in the literature [1–4].

Fluoroscopically guided interventions (FGI) can be unnecessar-
ily radiologically hazardous to the patient [5] unless a knowledgea-
ble operator [3] takes appropriate precautions. High level factors 
that should be considered include the following:
• The total “dose” delivered to the patient is influenced by equip-

ment configuration, individual patient factors, and the operator’s 
skill. Caution: dose in a radiologic sense has several different 
connotations beyond, the usual meaning found in pharmacol-
ogy; this difference is discussed later. Operators are expected to 
be mindful of radiation use during each procedure and continu-
ously  justify continuing with the procedure based on the current 
risk–benefit balance.

• Technology can only serve to define dose rates. The total dose 
delivered by a FGI procedure is dependent upon both dose rates 
and the time that the beam is on.

• Fluoroscopes are general purpose instruments. Appropriate con-
figuration to accommodate the current clinical task is an essential 
part of continuous optimization of the procedure. Unacceptable 
patient irradiation and/or image quality will occur if the equip-
ment is not appropriately configured.

Measurements of radiation
X‐rays are classified as a form of ionizing radiation because each 
X‐ray photon contains enough energy to ionize atoms and disrupt 
molecular bonds. The biologic effects of ionizing radiation are 
 different from the essentially thermal effects of non‐ionizing radia-
tion (e.g., microwaves) on tissue. The detection and management of 
X‐ray injury is substantially different from conventional burn 
management.

The common pharmacologic usage of dose is the entire aspirin 
tablet administered to a patient. The concentration of aspirin in the 
patient’s blood (e.g., ng/100 mL) can be measured when necessary. 
Radiologic dose is the local concentration of energy extracted from 

a radiation field when it interacts with matter. Because the radiation 
field in a patient is never uniform, different regions of the patient 
receive different doses from a fluoroscopic procedure. Figure 28.1 
schematically illustrates these concepts.

No single number can describe either the total physical distribu-
tion of radiologic dose in a patient from a FGI or the overall bio-
logic risk of that irradiation. Nevertheless, multiple “dose” indicators 
have been developed and are used for patient radiation manage-
ment and risk evaluation.

The five fluoroscopic “dose” indicators commonly used in inter-
ventional cardiology are shown in Table 28.1. Peak skin dose (PSD) 
and reference point air kerma (Ka,r) provide indices of tissue reac-
tion risk in individual patients. Kerma area product (KAP) relates 
to the total amount of radiation experienced by patients and staff. 
Effective dose (E) is used to estimate cancer risk (for populations, 
not for individuals). Although commonly reported, fluoroscopic 
time is of little value for estimating patient risk.

Interventional fluoroscopes are flexible instruments that are con-
figurable on a case‐by‐case basis to meet the requirements of that 
procedure. Figure 28.2 is a block diagram of the key components of 
an interventional fluoroscope. System operation is determined by 
the combination of operator selectable parameters and feedback 
elements designed to stabilize system performance and imaging. 
The operator is a crucial element in many of these control loops.

Radiobiology
Although radiation exposure associated with isolated episodes of 
care is typically limited, all radiation exposure confers risk, and 
these risks are well established. Deterministic effects are dose 
dependent direct health effects of radiation, for which a threshold is 
believed to exist. Deterministic effects of fluoroscopy typically 
 present within weeks of exposure as skin injury. For the operator 
and staff, eye injury in the form of a specific fluoroscopic related 
cataract, posterior subscapular, is seen in individuals with high dose 
exposure over time [6–8].

Patient‐related factors associated with skin injury include 
smoking, poor nutrition, compromised skin integrity, obesity, 
overlapping skin folds, and skin location [9]. Ethnic differences 
are seen, with those individuals with light‐colored hair or skin 
being more susceptible. An autosomal recessive ATM gene  present 
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in 1% of the population predisposes an individual to increased 
radio sensitivity. Certain diseases states, hyperthyroidism, diabe-
tes, and autoimmune and connective tissue disorders, as well as 
chemotherapeutic agents, place an individual at increased risk for 

tissue injury. Individuals who have had recent radiation exposure 
or any previous high dose radiation tissue injury are more suscep-
tible to subsequent tissue injury.

Stochastic effects are biologic effects of radiation that occur by 
chance in a population of exposed persons, for which no clear 
threshold exists; whereas probability is proportional to radiation 
dose, severity is dose‐independent. A stochastic injury occurs when 
there is injury to the DNA backbone that does not properly heal 
itself. The result is not cell death but a mutation leading to either a 
cancer or a genetic abnormality. A single X‐ray photon can cause 
this change; it is not directly dose related, even though the risk of 
acquiring such injury increases with dose. Because of the time 
required for one transformed cell to multiply into an observable 
tumor, the latent period for cancer induction is years to decades 
after the irradiation.

patient radiation management
Managing patient radiation is generally divided into actions that are 
required before, during, and after a procedure [4,10,11]. Additional 
considerations are needed for pregnant and pediatric patients. 
Box 28.1 is a sample check‐list covering key points. A few of these 
points are also essential for staff safety. Each facility should develop 
its own check‐list.

Figure 28.1 Radiologic dose is the concentration of energy received 
by a small mass of matter (1 Gy = 1 joule/kG) at a specific point. None 
of the (red) points in this figure received the same dose from the 
irradiation. Factors include distance from the source, tissue 
 attenuation, and scatter.

Table 28.1 Radiologic dose indicators.

Indicator Unit Definition Comments

Peak skin dose
(PSD)

gray Maximum dose delivered to any 
portion of the patient’s skin during a 
procedure (includes backscatter from 
the patient’s tissues)

Severity of injury is related to the PSD
Real‐time PSD displays on interventional 
fluoroscopes are available on some newer 
fluoroscopes
PSD can be evaluated after the procedure if 
direct measurement film is used during the 
case or by calculations in newer systems

Reference point air kerma 
(Ka,r)

gray Total air kerma delivered to a defined 
point relative to the X‐ray gantry 
from a procedure (excludes scatter)

Usable to estimate the risk of a skin reaction
Ka,r displays are currently available on 
essentially all interventional fluoroscopes
The relationship between PSD and Ka,r is highly 
dependent on beam motion and geometry

Kerma area product (KAP) Gycm2 Total amount of radiation emitted 
from an X‐ray tube during a 
procedure (excludes scatter)

Used to estimate staff irradiation and patient 
effective dose, KAP displays are currently 
available on essentially all interventional 
fluoroscopes
KAP can be calculated by multiplying Ka,r by 
the field size at the reference point

Effective dose (E) mSv Calculated value representing a risk 
weighted whole‐body irradiation

Used to estimate the cancer risk to a 
hypothetical person, E can be estimated from 
KAP and other factors
E cannot be measured; it is always a 
calculated quantity

Fluoroscopic time (FT)
Should NOT be used as the 
only radiation metric for 
interventional procedures

min Time that the X‐ray beam is on in a 
fluoroscopic mode. (Obsolete as a 
quantity for estimating radiation risk)

FT does not account for variations in X‐ray 
output with changes in patient size and 
ignores the much higher dose rate 
contribution from cine
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Pre‐procedure aspect of radiation dose management
Assess the risk–benefit ratio of performing the procedure. Radiation 
should be one element of this assessment particularly in heavy 
patients, patients who have undergone multiple procedures, and in 

patients who have had a major interventional procedure within a 
few months prior to the planned procedure.

Informed consent should appropriately include radiation 
issues. In most cases, the focus should be on potential skin 
 reactions. This is especially important for complex procedures 
and for patients who are at increased risk because of their body 
size or radiation  history. Fetal risk and its management must be 
discussed with pregnant patients. A discussion of cancer risks 
should be included for patients below the age of 60 and might be 
offered to all patients.

Time out
The physician should personally verify that the patient identification 
has been entered into the fluoroscope and that it is properly config-
ured for the planned procedure. One of the standard protocols 
installed on the machine may be appropriate; however, adjusted 
 protocols can be used to meet specific clinical requirements. The 
time‐out process should also include verification that all staff are 
wearing appropriate radioprotective equipment and radiation 
 monitors. Available radioprotective shielding (table, face, and 
mobile) should be properly deployed.

Procedural aspects of radiation management
The physician must continuously manage radiation from the 
onset to the completion of the procedure. Conceptually, radiation 
management is similar to contrast agent or other drug manage-
ment during the procedure. The dose needed from moment to 
moment, and for the entire procedure, is titrated in the patient’s 
best interest.

Table 28.2 summarizes physician radiation management during a 
procedure. Some items are focused on minimizing staff irradiation. 
Most serve to avoid unnecessary patient irradiation. Steps taken to 

Radiation use
display

Image display
monitors

Clinical
con�guration

selection
and options

Table side controls

Footswitch

Imaging system logic, programs, memory

X-Ray
generator

X-Ray tube

X-Ray beam �lter

Collimator

Grid

Image receptor

Image processor

Automatic
dose rate

control loop

Gantry

SB 1512

Network
resources

Figure 28.2 Block diagram of an interventional fluoroscope showing key components and control loops. Note that the operator functions as an 
important control element by selecting technique factors, FOV, geometry, etc.

Box 28.1 Example of a radiologic check‐list

Pre‐procedure:
• Obtain patient’s radiation history; check patient’s skin if positive for prior 

recent exposure
• Extend radiation aspects of informed consent when appropriate for high 

risk cases
• Plan alternative beam orientations for forthcoming case when 

necessary
Time out:
• Verify that fluoroscopic system settings are correct for the planned 

procedure
• All staff should be wearing their personal radiation monitors (staff safety 

item)
• All staff wearing their radiation and non‐radiation personal protective 

equipment (staff safety item)
• Ancillary radiation shielding devices present in laboratory (staff safety 

item)
During procedure (reminders to be reviewed during time out):
• Use lowest dose rate settings consistent with immediate clinical goal
• Operator (and staff) aware of radiation use during procedure
• Operator aware of beam angles used during procedure
• Operator assess risk–benefit at each dose notification
Post‐procedure:
• Complete patient dosimetry recorded in medical record and case report
• Substantial dose of radiation justified in medical record when 

appropriate
• Patient notified if substantial dose of radiation was used; and given their 

initial follow‐up processes
• Patents receiving substantial doses are followed as appropriate
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Table 28.2 Procedural physician radiation management items.

Management Effect

General

A The system should be configured to the lowest dose‐rate modes 
consistent with immediate clinical activities. Reconfiguration is 
needed either when images are clinically inadequate or when a 
lower dose rate mode will comfortably suffice for present 
activities. (Check during time out)

Incorrect technique selection might increase 
patient dose by a factor of 10 without 
contributing to the needs of the procedure

B Never produce radiation unless the operator’s eyes are on the 
primary image monitor

This might save 10% or more of the entire 
radiation dose

C The use of retrospectively stored fluoroscopy instead of cine 
documentation will always save radiation and also can save 
contrast media

Saves several 10s of % when stored fluoro 
replaces cine for documenting inflations, etc.

Specific
1 The low dose rate mode (for both fluoro and cine) should be 

initially tried in every case. Escalate the dose rate only when 
images are inadequate for procedural requirements. The goal is 
sufficient image quality to perform the procedure without 
spending radiation and other resources on unnecessarily high 
quality image

Typically each higher step doubles the dose 
rate for that mode

2 Fluoroscopic and cine frame rates should be set to the minimum 
required for adequate temporal resolution and image noise

Dose rate decreases with decreasing frame 
rate. % change differs between manufacturers

3 The primary operator should control beam on time. The beam 
should only be on when needed by this person to observe motion

Irradiating the patient without observing the 
monitor is a total waste of radiation

4 Where possible, change the imaging beam angle during long 
procedures. This will help minimize peak skin dose

Dose is always local. Sufficient beam motion 
irradiates different tissue and minimizes 
reactions

5 Minimize beam orientations that place a great thickness of tissue 
between the patient and image receptor

Every 4–5 cm additional tissue in the beam 
doubles the skin dose rate

6 The X‐ray tube should be as far from the patient as possible. 
Spacing reduces skin dose by increasing the Source to Image 
receptor distance

Increasing the spacing from 38 cm (minimum 
defined by spacer) to 45 cm decreases skin 
dose rate by approximately a factor of 2 (All 
else constant)

7 Examination table height should to facilitate the primary 
operator’s comfort. This often contributes to quicker device 
manipulation and therefore less beam on time

Total dose = dose‐rate × time. Reduced time 
may be a greater benefit than maximizing 
spacing

8 The image receptor should always be as close to the patient as 
practicable. This minimizes input dose rates

Reducing spacing as much as possible can save 
25% of dose‐rate in thick patients

9 Cine should only be used only when necessary. Most 
interventional fluoroscopes have the capability of retrospectively 
storing the most recent 10–30 seconds of fluoroscopy. The 
judicious use of this mode avoids the higher dose rates required 
for cine and can reduce the total contrast volume

Typical cine dose rates are 10 times as high as 
fluoro dose rates for the same view

10 Higher magnification factors usually require higher levels of 
patient irradiation. They should be avoided where possible

Dose rates for image intensifiers usually 
increase by a factor of 4 when the 
magnification is doubled. For flat‐panel 
detectors the increase is usually a factor of 2
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avoid wasting patient irradiation will often simultaneously reduce 
irradiation to staff.

Integrating other imaging modalities during catheterization 
(trans‐esophageal and intracardiac echocardiography) reduces 
radiation exposure. CT three‐dimensional reconstruction can be 
used for intra‐procedural real‐time overlays during complex 
 transcatheter interventions, such as closure of para‐valvular 
leaks. Rotational angiography might be used as well [12]. The 
information obtained through 3D reconstructions eliminates 
the need for  several biplane cine acquisitions and is particularly 
useful in patients requiring complex pulmonary artery rehabili-
tation, where it allows the operator to exactly determine the best 
angles that  profile individual lesions requiring transcatheter 
interventions.

Staff should periodically remind operators of radiation use [4]. 
Table 28.3 summarizes dose metrics that are available on a specific 
fluoroscope and can be used for this purpose.

Post‐procedural aspects of radiation management
Actual radiation use for every procedure should be documented in 
the patient’s medical record and procedure report [13]. Fluoroscopic 
time is a totally inadequate measure of either potential skin injury 
or of cancer risk. Data must include all of the available dose metrics 
shown in Table  28.3 which are reported by the interventional 
fluoroscope.

Exceeding the predefined substantial radiation dose level (SRDL) 
triggers additional clinical documentation and patient communica-
tion. Procedures performed below this the SRDL are unlikely to 
result in clinically important tissue reactions. Injuries are rare below 
twice the SRDL but become more frequent at higher doses 
(Figure 28.3). The default SRDL for interventional cardiology is a 
Ka,r of 5 Gy at the reference point.

The operator should explicitly report the medical necessity for 
the documented radiation level in the procedure report using 
enough detail to be understandable for case review purposes. These 
events, as with all essential aspects of laboratory radiation safety, 

should be a regular component of the catheterization laboratory 
quality improvement program.

The patient (and family) should receive pre‐discharge radiation 
instructions when an SRDL is exceeded. (Fluoroscopic time should 
only be used as the trigger if none of the other metrics in Table 28.3 
are available for a specific procedure.) The key points relevant to 
this process are shown in Table 28.4.

Staff radiation safety
“X‐rays” are essential for both diagnosis and therapy. Though the 
benefits are quantifiable with decreased morbidity and mortality, 
the risks of radiation are less clear. In interventional cardiology, the 
importance of a radiation‐conscious environment is stressed where 
protection for the patient protects the staff and vice versa. Methods 
for measuring patient dose, monitoring staff dose, implementing 
appropriate training, and managing radiation dose from the outset 
of the procedure are important components of a catheterization 
laboratory radiation safety program.

Personal dose monitoring
Staff radiation levels are known [4,14] and generally well below 
regulatory dose limits provided that best practices are followed. 
However, there is no way to detect radiologic safety failures unless 
all individuals in the laboratory always wear and return their radia-
tion monitors as specified by the institution’s radiation safety officer 
(RSO) (different institutions use different protocols). The RSO will 
contact individuals when radiation levels are of concern (generally 
between 10% and 30% of the regulatory limits). Nevertheless, all 
users should periodically review their records with the RSO.

Shielding
Protective garments must be worn by all persons who are in the pro-
cedure room when the X‐ray beam is on. These garments are 
designed to protect the gonads and 80% of the active bone marrow. 
The standard is a 0.25–0.5 mm lead apron, which stops approxi-
mately 90% of the scattered radiation [15]. Separate thyroid shield-
ing (also approximately 90% reduction) is recommended for younger 
workers as well as all individuals whose externally worn dosimeter at 
collar level exceeds 4 mSv in a month [16]. Long‐term deleterious 

Table 28.3 Notification and substantial radiation dose level (SRDL) 
levels [4].

Dose metric
First 
notification

Subsequent 
notifications
(increments) SRDL

Dskin,max
a 2 Gy 0.5 Gy 3 Gy

Ka,r
b 3 Gy 1 Gy 5 Gy b

KAP (PKA
c ) 300 Gy cm2 d 100 Gy cm2 d 500 Gy cm2 d

Fluoroscopy 
time

30 min 15 min 60 min

a Dskin,max is peak skin dose, requiring calculations by physicist.
b Ka,r is total air kerma at the reference point.
c PKA is air kerma‐area product. Caution: different fluoroscopes use different 
display units.
d Assuming a 100 cm2 field at the patient’s skin. For other field sizes, the PKA 
values should be adjusted proportionally to the actual procedural field size  
(e.g., for a field size of 50 cm2, the SRDL value for PKA would be 250 Gy cm2).
Source: NCRP 2010 [4], Fig. 4.7. Reprinted with permission of the National 
Council on Radiation Protection and Measurements, http://NCRPpublications.org.

Figure 28.3 Dry desquamation (poikiloderma) at 1 month in a 
patient receiving approximately 11 Gy calculated peak skin dose. 
Source: Chambers CE, et al. 2011 [1].
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effects from protective garments are well documented with meth-
ods  for potential improvement currently being addressed by the 
multispecialty occupational health group in the interventional 
 laboratory [17]. Proper protective garment care, including hanging 
aprons on designated racks with adequate hangers and periodic 
inspection for damage, is an essential part of radiation safety.

Recent epidemiologic studies give reason for concern regarding 
potential eye injury, presenting as posterior subcapsular cataract for-
mation [6,7,18–20]. Radiation‐specific eye protection works if prop-
erly selected and used [21,22]. The glasses must fit properly for both 
protection and comfort, provide 0.25 mm lead equivalent protec-
tion, and have additional side shielding. Well‐designed eye shielding 
reduces dose to the lens of the eye by approximately two‐thirds.

Radiation shielding of the operator’s hands is generally counter-
productive when the hands are in the useful beam because the 
shielding drives the system to greater output, increasing patient and 
often staff dose. Protective hand equipment is often labeled with 
warnings against placing the hands in or near the beam. The best 
rule is to avoid seeing your hands on the monitor. Labeling on 
“ protective” gloves often warns users not to put their hands in the 
beam while wearing the gloves (Figure 28.4).

Current shielding provides substantial reduction in operator dose 
and should be used routinely [23–25]. Transparent ceiling‐mounted 
shielding with a patient contour cutout protects the operator’s upper 
body. When positioning this shield, the origin of scatter X‐rays is 
from the patient, to block this scatter directed toward the operator’s 

head and arms. The operator should only see the area being imaged 
by looking through the shield. In‐laboratory moveable barriers pro-
vide protection for staff required to be in the procedure room, while 
individuals not required in the fluoroscopic suite should remain in 
the control room. Disposable radiation‐absorbing non‐lead patient 
sterile drapes also help to reduce staff dose but do not always provide 
a substantial benefit [26].

Specific radiation safety considerations
Women and fluoroscopic guided procedures
The fetus of a pregnant patient can be at risk for potential stochastic 
injury and, at high (fetal) dose, the induction of a deterministic 
effect [27,28]. Deterministic effects in the embryo‐fetus for 
absorbed doses below 50 mGy are seldom detectable, while doses in 
excess of 100 mGy can cause gestation time and dose‐dependent 
developmental effects. The safest policy is to avoid elective proce-
dures during pregnancy. The benefits and risks to both mother and 
fetus of performing a planned procedure need to be carefully con-
sidered with informed consent essential. Even in the absence of 
known risk factors, approximately 5% of live births possess some 
form of congenital malformation. With proper procedure planning 
to exclude abdomen or pelvis exposure (consider radial access) and, 
if available, consultation with a qualified medical physicist, embryo‐
fetus exposure can be limited to scatter radiation with very low and 
usually acceptable risk.

Table 28.4 Post‐procedure patient notification and follow‐up.

Patient‐centric: pre‐discharge

This should always be done as a personal communication. it should be supplemented by a written reminder

1 Your procedure required a substantial amount of radiation for its completion

1a (Less than twice a SRDL): Because of this, it is possible that you might have some skin reddening from this. In many cases, it will fade in 
time and not reoccur. In some cases you will have some cosmetic skin discoloration

1b (More than twice a SRDL): You are at increased risk for a clinically significant skin reaction from the procedure. (Escalate the warning 
for higher values)

2 Avoid damaging your skin. Do not scratch or scrub the area where we worked

3 For the next year, please tell all of your healthcare providers that you had a procedure that used radiation and may have caused a skin 
reaction

4 In a month, have a family member examine your back for a red area about the size of a hand. If anything is seen please contact the 
catheterization laboratory for further instructions. (Figure 28.3 illustrates a fluoroscopic radiation injury)

Physicians and laboratory staff
A Patient should be called proactively at 1.5 × SRDL

If the patient cannot be directly contacted, consider informing the referring physician

B The laboratory must be prepared to handle such calls. The discussion should be with a physician or radiation trained mid‐level provider

C If the individual taking the call cannot absolutely rule out a radiation etiology, the patient should be scheduled for an examination by 
the physician performing the procedure. If a physician visit is needed, the patient should be reminded to avoid further skin injury

D Based on the physician’s examination of the patient’s skin, appropriate follow‐up visits, referrals, or treatments should be 
recommended

SRDL, substantial radiation dose level.
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Whether it is staff or physician, the pregnant worker is best pro-
tected in a laboratory that utilizes best practices for radiation safety. 
Each hospital should have a radiation safety policy for pregnant 
workers that addresses occupational exposure, dosimeter use and 
readings, duties including call, and risk–benefit of additional 
shielding. It is unlawful to prevent pregnant employees from work-
ing in occupations that may expose them to radiation. All pregnant 
workers should have a specific dosimeter, to be worn at the waist 
under the protective garment, issued and read monthly. The work‐
related restriction limit for the embryo‐fetus radiation exposure 
equivalent dose is 0.5 mSv/month. Once a pregnancy is identified, 
the expectant mother should not receive more than 1 mSv accord-
ing to the International Commission on Radiation Protection 
(ICRP) and 5 mSv according to the National Commission on 
Radiation Protection (INCRP) for the remainder of the pregnancy 
[28,29]. It should be noted that reference values of 1 mSv are seldom 
recorded for an entire year in this location [30].

pediatric patients
Equipment routinely used for pediatric procedures of any kind 
should be appropriately designed, equipped, and configured for 
this purpose. Appropriate modifications should be made to accom-
modate the variable procedural requirements as well as the wide 
age and weight range of these patients [31,32]. The use of unmodi-
fied adult settings for small patients (<40 kG) can result in both 
 unnecessary patient irradiation and substandard image quality.

Children born with congenital heart disease frequently undergo 
numerous diagnostic and therapeutic catheterizations, with potential 
harmful cumulative long‐term effects of radiation exposure [33,34]. 
This raises significant concern when children survive to potentially 
manifest these late effects of radiation exposure. The importance of 
radiation dose reduction in the pediatric patient has been empha-
sized through the Image Gently and Step Lightly campaigns [31,32].

training and education
The potential benefits for all operators, no matter what skill level 
(achieved or perceived), to be thoroughly trained in radiation safety 
with regularly updates should not be understated. Fetterly and col-
leagues at the Mayo Clinic succeeded in a 40% radiation dose reduction 
(CAK) over a 3‐year period by implementing a  culture and philosophy 
of radiation safety in the catheterization laboratory [1,35,36]. The 
interventional cardiologists’ goal is to do the best for their patients, and 
in so doing, protect the staff and themselves. In the multi‐task environ-
ment of the cardiac catheterization laboratory, mandatory radiation 
safety training, with annual updates, will allow all operators, new and 
experienced, to achieve this goal throughout their career.

Radiation quality processes
The American College of Cardiology Foundation/American 
Heart  Association/Society for Cardiovascular Angiography and 
Interventions (ACC/AHA/SCAI) 2011 PCI Guidelines [37] recon-
firmed the requirements for all cardiac catheterization laboratories 
with interventional programs have a quality improvement program 
specific for the laboratory. This requires more than just outcomes 
review; it necessitates appropriate processes for best patient care be 
implemented. Radiation safety, including patient radiation dose 
review [38], must be among these processes. Compliance with local 
regulatory requirements only assures a basic level of safety any-
where in an institution. The catheterization laboratory is a much 
more demanding environment [35,39,40] and should accept the 
financial and administrative responsibilities of maintaining greater 
safety margins for both patients and staff [41].

Key topics include the following: design of the laboratory and 
adjacent spaces; equipment selection, configuration, quality con-
trol, and service; staff radiation protection; and patient radiation 
management. Degrees of assistance with these topics can be pro-
vided by experts, such as medical and health physicists. The labora-
tory medical director should accept the responsibility of keeping 
these experts engaged in laboratory operations on a routine basis 
instead of relying on “strangers” when an emergency occurs.

Both the physician and support staffs need enough usable  current 
knowledge to recognize problems and ask for help when necessary. 
Ultimately, operator training and experience are essential to main-
taining radiation safety on a case‐by‐case basis.

Conclusions
Radiation safety is one of several priorities that must be attended to 
in the cardiac catheterization laboratory. The interventional cardi-
ologist is required to take the leadership role. Establish a radiation 
safety program for the laboratory, incorporating the physicist for 
radiation training, equipment purchase, and safe maintenance. 
Require and document the appropriate radiation safety training 
both upon employment and with annual updates. Purchase and 
properly operate imaging equipment with dose limiting capabilities 
and appropriate dose notification. Utilize all available above and 

Figure 28.4 Worst practice: an example of unnecessary irradiation 
of an operator’s hands during the insertion of a transradial device. 
A radiation shield is seen on the left and the patient’s arm on the 
right. The majority of the operator’s hands are irradiated by the 
unattenuated beam passing between the shield and patient. 
Safety rule: operators should not see their hands on the monitor.
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below table shielding as well as personal protective garments and 
glasses. Mandate the wearing of the dosimetry badge(s) by incorpo-
rating badge use as a component of the pre-procedure “time out.” 
Manage radiation dose throughout the case, not just upon high dose 
notification. Establish follow‐up parameters with policies for those 
patients receiving high radiation doses. When a radiation conscious 
environment has been established in the cardiac catheterization 
laboratory, the patients, staff, and physicians will all benefit.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Over the past 15 years, stem cell therapy has emerged as a potential 
therapeutic intervention in ischemic heart disease, engaging the 
interests of basic scientists and cardiologists alike. Despite recent 
advances in pharmacologic and catheter‐based interventions for 
coronary heart disease, myocardial salvage is often incomplete 
resulting in a process of adverse left ventricular (LV) remodeling 
leading to symptomatic heart failure. This chapter discusses the rel
evance of cell therapy to interventional cardiology, outlining the 
progress of over a decade of clinical trials, and looks to future direc
tions for clinical research.

Origin of concept
The concept of the adult stem cell was born over 30 years ago, fol
lowing the identification of a bone marrow cell capable of reconsti
tuting hematopoiesis in irradiated mice [1]. However, it is only in 
the last 15 years that the relevance of this work to cardiology was 
realized with the description, from the late Jeffrey Isner’s labora
tory, of bone marrow derived stem/progenitor cells that could 
regenerate cells constituting the cardiovascular system [2]. This 
challenged the previously held belief that the vascularization of 
adult ischemic tissue was restricted to the proliferation and migra
tion of mature endothelial cells. Indeed, Isner’s group went on to 
provide evidence that these cells could home to sites of ischemia 
and participate in new blood vessel formation, a process previously 
thought to be restricted to embryonic development. Furthermore, 
work involving animal models of ischemia demonstrated that bone 
marrow mononuclear cells (BMNCs) and endothelial progenitor 
cells (EPC) could participate in myocardial neovascularization with 
evidence of functional improvement [3–7].

The next key development, and now widely recognized as the 
landmark paper within the field of cardiovascular cell therapy, was 
the description by Orlic et al. [8] working in Piero Anversa’s group, 
that a bone marrow derived population of cells from one mouse 
could be transplanted into recipient mice with myocardial infarc
tion and become incorporated into the area of myocardial injury, 
exhibiting immunohistochemical evidence of transdifferentiation 
as well as leading to demonstrable changes in LV function. Further 
work has shown that stem cells are able to transdifferentiate into 

multiple different cardiovascular cell types including endothelial 
cells, vascular smooth muscle cells, and cardiac myocytes [9–12].

Subsequent controversies notwithstanding, the papers from the 
Isner and Anversa groups heralded the beginning of intense activity 
in cardiovascular therapy which continues to this day. However, 
many key questions remain regarding the putative mechanisms of 
action.

Myocardial regeneration
Within cardiology, stem cell therapy has generated huge interest by 
challenging the long‐held paradigm of developmental biology that 
the heart is a terminally differentiated organ, and as such cannot 
be repaired. Previously, the extent of myocardial necrosis had been 
shown to be intimately linked to the duration of coronary artery 
occlusion [13,14]. Such studies were critical in creating the drive 
forward in reperfusion therapy, but also led clinicians and  scientists 
alike to think of myocardial injury as an irreversible event. Indeed, 
any improvement in LV function post‐myocardial infarction (MI) 
was thought to result from a combination of hypertrophy and 
fibrosis. Such ideas were called into question with the observation 
that adult hearts contained large numbers of mitotic figures [15–
17]. However, the proportion of mitotic cardiomyocytes was 
extremely small, suggesting they could not function alone as an 
effective repair system. The possibility that these dividing cells 
might have arisen from an extra‐cardiac source, such as the bone 
marrow, was postulated by studies performed in sex‐mismatched 
cardiac transplant patients. In males receiving female hearts, 
 cardiac biopsies revealed Y‐chromosome‐carrying cardiomyo
cytes [17–19], intimating that cells from an extra‐cardiac source 
could potentially engraft and differentiate into cardiac tissue. This 
marked the first recognition that the heart could receive cells from 
an extra‐cardiac source. To explain this phenomenon, it was 
 suggested that these cells might have arisen from the bone marrow, 
being released and engrafting either as a low‐level process of con
tinual renewal or in direct response to injury [8,11]. Alternative 
suggestions included the possibility of a locally resident popula
tion of cardiac stem cells, with self‐renewing, multipotent, and 
 clonogenic potential [20].
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Mobilization of stem/progenitor cells
Studies in humans have confirmed that BMNCs and EPCs are 
indeed mobilized from the bone marrow to sites of ischemia at 
the time of myocardial infarction [21]. This occurs in response to 
the release of cytokines leading to the chemotactic migration of 
stem and progenitor cells to the area of injury. Such cytokines 
include vascular endothelial growth factor (VEGF) and stromal 
derived factor‐1 (SDF‐1) [22]. Reduced oxygen tension in ischemic 
tissue leads to an increase in SDF‐1 levels in response to the upregu
lation of hypoxia‐inducible factor‐1 (HIF‐1) in endothelial cells 
[23,24]. This hypoxic gradient directs the migration and homing, 
and increases the adhesion of, CXCR4‐expressing progenitor cells 
to ischemic tissue [25]. It has been shown that impaired CXCR4‐
mediated cell signaling contributes to the reduced neovasculariza
tion capacity seen in patients with coronary artery disease [26], 
and modifications of this pathway appear to offer promise for the 
enhancement of cell homing and retention. In addition, the capture 
of cells at the site of ischemia has been shown to be aided by 
the upregulation of integrins and intercellular adhesion molecules 
[27–30], and by the mediation of platelets [31].

Mechanism of action
However, it is still unclear as to the exact mechanism by which trans
planted cells exert their beneficial effects on cardiac function. Proposed 
mechanisms include endothelial differentiation (thereby aiding vascu
lar regeneration and improving blood supply to the infarct border zone 
and so improving regional/global systolic LV function), cellular fusion, 
transdifferentiation to cardiomyocytes and/or via paracrine effects on 
the local cellular milieu, and the issue remains controversial.

Several studies have suggested that BMNCs co‐localize with non‐
myocardial cells such as fibroblasts [32]. However, these observa
tions are so far anecdotal and could be explained by methodologic 
issues such as the release of dye from apoptotic cells in the area of 
fibrosis or by the use of unfractionated bone marrow, which includes 
other cell precursor populations. Nonetheless, they are consistent 
with the basic postulate that stem cells differentiate along milieu‐
dependent pathways. Damaged adult myocardium is devoid of key 
embryonic growth factors, meaning an inability to recreate the nec
essary environment to stimulate myocyte growth or regeneration. 
This presents a challenge, and accordingly stimulates the search for 
novel strategies to encourage transplanted cells down the cardiac 
differentiation pathway prior to transplantation, if not in situ.

Choice of cell type for cardiac  
cell therapy
Although the majority of work has been performed using BMNCs 
(either selected or unselected), other cell types can be used, includ
ing mesenchymal stem cells, skeletal muscle myoblasts, and cardiac 
stem cells. Mesenchymal stem cells (MSC) are stromal cells, found 
both in the bone marrow and adipose tissue. The “immune‐ 
privileged” status [33] of MSC allows both autologous and allogenic 
use: this, combined with the ability to deliver the treatment intrave
nously, represents an attractive “off‐the‐shelf ” aspect to this therapy. 
Skeletal myoblasts (SMs) can be easily and conveniently harvested 
via muscle biopsy. However, there is debate surrounding the safety 
of this technique, particularly on the issue of their potential for 
arrhythmogenesis [34–36]. Cardiac stem cells (CSC), either as ckit+ 
cells or cardiosphere‐derived cells, are resident undifferentiated 
cells with the ability to differentiate into beating myocytes.

Cell therapy following acute myocardial 
infarction
The first wave of trials examining bone marrow (BM) cell therapy 
in the setting of acute MI indicated that autologous unselected BM 
cell therapy was indeed both safe and feasible, and the noted 
improvements in LV function paved the way for larger scale rand
omized clinical trials which unfortunately sometimes generated 
conflicting and controversial results. This has largely arisen as a 
result of key differences in the cell population used, the time and 
mode of delivery, and the different methodologies used to assess 
changes in LV function. For many clinicians, the demonstration of 
safety alone is insufficient grounds on which to proceed to larger 
clinical studies. Indeed, many cite that the statistically significant 
changes in LV function are clinically insignificant, and further stud
ies are not currently justified.

Cell type
The transfer of autologous BMNCs is attractive as a form of cell 
therapy because of the relative ease by which it can be obtained, the 
lack of requirement for ex vivo expansion, and of course the lack of 
risk of rejection by the recipient. It also supports the idea that no 
particular cell type should be omitted, and that functional recovery 
is dependent upon a balance between the various sub‐populations 
present in the mononuclear fraction. As such, the majority of clinical 
trials so far have used unfractionated BMNCs [37–40].

The problem with using unfractionated BMNCs, however, is that 
any functionally superior subgroup of cells would have to compete 
for engraftment along with all the other “non‐stem” cells. CD34+ 
cells have been shown to mediate cardiac repair by inducing angio
genesis, inhibiting apoptosis and by promoting myocyte recovery in 
experimental models of myocardial infarction [41]. Indeed, it has 
been shown that CD34+ enriched BM cells are up to seven times 
more efficient at engrafting in ischemic myocardium [42]. In 
 addition to the CD34+ marker expressed by stem/progenitor cells, 
CD133 (a prominin 5 transmembrane glycoprotein 1 marker) is 
co‐expressed in a substantial number of hematopoietic cells with 
potent angiogenic capacity [43–45]. The intracoronary injection of 
CD133+ enriched BM cells has been shown to be feasible, and to be 
associated with the promotion of cardiac recovery in a small study, 
albeit with a slightly increased incidence of in‐stent restenosis and 
re‐occlusion [46]. CD133+ cells have been shown to enhance func
tional response in patients following an acute MI [47].

Timing of cell delivery
The timing of cell delivery is an obvious design difference between 
trials. The course of the normal healing processes at the time of MI 
seems to coincide with the expression of putative homing signals 
favoring cell engraftment via transendothelial passage during the 
early days post‐reperfusion. However, when cells were transplanted 
within 24 hours of optimal reperfusion therapy no benefit was seen 
in global left ventricular ejection fraction (LVEF) [39]. This has led 
to the suggestion that the early pro‐inflammatory environment 
required for healing in MI is toxic to stem/progenitor cells either in 
terms of survival or function or both, given that initial ischemia 
and reperfusion injury are characterized by the rapid rise of reac
tive oxygen radicals and inflammatory cytokines, and that this 
explains the lack of benefit seen when therapy is delivered within 
the first 24 hours. Consistent with this theory are the findings of the 
sub‐analysis of the REPAIR‐AMI trial  [40] indicating that the 
greatest benefit is seen when delivery occurs more than 4  days 
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post‐reperfusion. However, this suggestion was not borne out in 
the Timing in Myocardial infarction Evaluation (TIME) trial, 
which found that, following acute MI, timing of cell therapy (3 vs. 
7 days) had no significant effect on either global or regional param
eters of LV function [48]. Similar, negative results were also 
reported from the SWISS‐AMI (no significant different in early 
(5–7 days) or late (3–4 weeks) administration of BMNC versus con
trol) [49] and LateTIME (BMNC 2–3 weeks post acute MI) [50] 
trials. Furthermore, collaborative meta‐analysis suggests that tim
ing of cell therapy has no significant effect on markers of LV 
remodeling [51].

Homing and engraftment
Even the positive reports from randomized clinical trials using 
autologous BMNC transplantation have shown at best a 6–9% 
increase in measures of LV function, and it is difficult to under
stand how such a small increase in global LVEF could be translated 
into significant clinical improvement. Countering the idea that 
stem cells transdifferentiate into functioning cardiomyocytes, 
Hofmann et  al. [42] used 2‐[18F]‐fluoro‐2‐deoxy‐d‐glucose (18F‐
FDG) labeling to follow the fate of intracoronary delivered unse
lected and CD34+ enriched autologous BMNCs in patients 
following acute MI. They noted that only 1.3–2.6% of unselected 
BMNCs could be detected in the myocardium following intracoro
nary delivery, with the majority of detected activity in the liver and 
spleen. However, when they delivered CD34+ enriched BMNCs 
they found increased engraftment in the infarct border zone to 
14–39% of the total detectable activity. Furthermore, a study 
 examining the 1 day kinetics of transplanted cells indicated that 
engraftment is a temporary phenomenon, with myocardial activity 
dropping off between 2 and 20 hours post‐intracoronary delivery 
from ~5% to ~1% [52–54]. Additionally, in patients with a history 
of MI more than 6 months prior, myocardial activity disappeared 
altogether. This would suggest any positive effects are likely to 
occur by means other than by direct tissue incorporation. Factors 
accounting for the transiency of cell retention could be related to a 
reduced adhesive status of the myocardial microcirculation, and/or 
the functional performance of delivered cells. Studies are required 
to investigate this further, and to examine whether pharmacologic 
manipulation of the microcirculation either at the time of, or prior 
to, cell delivery makes any difference. Further important differ
ences between trials include whether they were randomized/
blinded and/or placebo‐controlled, the methods used in assessing 
LV function and duration of follow‐up.

Non‐BMNC cell therapy
Although the majority of trials have been performed using BMNC, 
other sources have been used. The CArdiosphere‐Derived aUtolo
gous stem CElls to reverse ventricUlar dySfunction (CADUCEUS) 
prospective, randomized, controlled study studied the effect of 
intracoronary administration of cardiosphere‐derived stem cells 
(CDC) post‐MI. Both 6‐month and 1‐year follow‐up suggest sig
nificant improvement in scar size, mass, and viable mass, but no 
improvement in LVEF compared with controls [55,56].

Trials and meta‐analyses
The majority of trials utilizing cell therapy in the context of acute 
MI have utilized BMNC as the therapy of choice. REPAIR‐AMI, 
REGENT, and SWISS‐AMI are the largest studies to date. REPAIR‐
AMI was a multicenter double‐blinded randomized placebo‐ 
controlled trial of patients with ST‐elevation MI (STEMI) and 

impaired LV function, with the treatment arm receiving unfrac
tionated BMNC. In the treatment arm there was a significant 
improvement in LV function (as measured by quantitative LV 
angiography) compared with placebo [40]. One‐year follow‐up 
for a combined endpoint of death, recurrence of MI, or revascu
larization was significantly reduced in the treatment arm [57]. 
The REGENT randomized placebo‐controlled trial compared the 
use of selected (CD34+, CXCR4+) with unfractionated BMNC in 
patients with revascularized acute MI and reduced LVEF [58]. No 
significant difference in ΔLVEF, quantified by MRI, was seen 
between treatment groups and control; however, there was a trend 
for benefit in those with lower baseline LVEF.

Several meta‐analyses, utilizing data from published studies, have 
been produced in recent years. Unfortunately, the results of these are 
in many ways as disparate as the results of individual studies 
themselves.

Delewi et al. [51] report in a collaborative meta‐analysis of clini
cal trials that intracoronary injection of BMNC in patients with 
acute MI is associated with a significant improvement in LVEF 
(2.55%, with a reduction in left ventricular end‐systolic volume 
index (LVESI) and end‐diastolic volume index (LVEDI)) compared 
with placebo. Subgroup analysis suggested that the largest benefit is 
seen in those <55 years old and those with baseline LEVF <40%. 
However, de Jong et al. [59] found that the significant improvement 
in LVEF seen in cell therapy is abolished when only MRI‐derived 
(rather than other modalities) data is used. The Francis group have 
raised concerns regarding discrepancies in reporting of cell therapy 
trials [60]. A meta‐analysis from the same group found that in the 
minority of studies where no discrepancies could be identified, the 
mean change in LVEF from cell therapy was –0.4% [61]. Most 
recently in the ACCRUE study, Gyöngyösi et al. [62] reported the 
results of a prospective Individual Patient Data meta‐analysis of 
1252 patients from 12 trials utilizing intracoronary cell therapy in 
patients with recent MI. No clinical benefit, either from avoidance 
of major adverse cerebrovascular and cardiac events (MACCE) or 
improvement in LV function, was identified.

Current trials
The Effect of Intracoronary Reinfusion of Bone‐Marrow‐derived 
Mononuclear Cells on All Cause Mortality in Acute Myocardial 
Infarction (BAMI) study, currently recruiting, promises to be the 
largest randomized controlled trial investigating cell therapy fol
lowing acute MI (n = 3000) [63]. Given the large number of intended 
participants compared to previously published studies (both trials 
and meta‐analyses) and the use of mortality as primary endpoint, 
its results are eagerly awaited.

Cell therapy in chronic ischemic 
heart disease
While the majority of trials have examined the effects of cell therapy 
in acute MI, only a limited number of trials have focused their 
attention on its use in chronic ischemic heart disease. One of the 
first studies looked at a small group of patients undergoing elective 
coronary artery bypass graft surgery (CABG), in whom they found 
improved myocardial perfusion and metabolism after enriched 
CD133+ cells were injected into the infarct border zone [64]. Similar 
observations were noted in an open‐label randomized study where 
patients with LV dysfunction undergoing CABG surgery together 
with direct intramyocardial injection of BMNCs showed better 
functional improvement than with CABG alone [65].
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Perin et  al. [66] went on to study the electromechanically 
mapped guidance of transendomyocardially injected BMNCs in 
patients with refractory angina and myocardial ischemia. They 
demonstrated not only that it was procedurally safe, but that it 
was associated with clinical improvement detectable at 3 months 
and maintained to 12 months. However, when the Perin group 
carried out the FOCUS‐CCTRN study, a phase 2 randomized 
double‐blind, placebo‐controlled trial utilizing endomyocardial 
injection of BMNC in symptomatic patients with ischemic car
diomyopathy (BMNC arm n = 61, control n = 31), no significant 
improvement in left ventricular end‐systolic volume (LVESV), 
maximal oxygen consumption, or reversibility (assessed by 
SPECT) was demonstrated [67].

A randomized, blinded placebo‐controlled trial of 26 patients 
with chronic total arterial occlusions was conducted, where autol
ogous granulocyte colony‐stimulating factor (G‐CSF) mobilized 
 circulating progenitor cells were injected down percutaneously 
revascularized coronary arteries. Assessment of LV function by 
magnetic resonance imaging showed that LVEF in treated patients 
had increased by 14% while infarct size had been reduced by 16%. 
Notably, there was a demonstrable improvement in regional wall 
motion at the target site [68].

The controlled crossover Transplantation of Progenitor Cells and 
Regeneration Enhancement–Chronic Heart Disease (TOPCARE‐
CHD) trial enrolled 75 patients with stable chronic ischemic heart 
disease who had previously sustained an MI [69]. Here, patients 
were randomly assigned to receive BMNCs, circulating progenitor 
cells, or no cells into the (patent) coronary artery supplying the 
most dyskinetic LV region. The increase in mean LVEF seen in the 
BMNC group was modest (2.9%), but significantly greater than in 
the circulating progenitor and control groups. The crossover phase 
of the study indicated that BMNC therapy was indeed associated 
with a greater increase in both global and regional LV function.

Poglajen et  al. [70] published the results of a prospective 
crossover trial (n = 33) in which the effect of endomyocardial 
implantation of selected CD34+ cells in patients with ischemic 
cardiomyopathy. The 6‐month treatment phase was associated 
with significant improvements in LVEF, NT‐proBNP, and 6 
 minute walk test.

The CAuSMIC Study, a phase I randomized, open‐label, con
trolled trial studying endomyocardial implantation of skeletal myo
blasts in patients with ischemic cardiomyopathy, with improved 
New York Heart Association (NYHA) functional status and a trend 
toward reduction in LV dimensions [71].

The Scipio trial, a randomized phase 1 trial assessing cardiac 
stem cells (SCS) in patients with chronic ischemic cardiomyopathy 
undergoing CABG, produced early reports indicating feasibility 
and safety in addition to significant improvement in LVEF and 
reduction in infarct size [72]. It should be noted, however, that “con
cerns about the integrity of certain data” in the published study have 
been raised and are being investigated at the time of writing [73].

The POSEIDON trial (a comparison of allogenic vs. autologous 
MSC in chronic ischemic cardiomyopathy), while lacking a control 
group, met its primary endpoint in demonstrating the safety of 
allogenic MSC [74].

National and international task forces
The European Society of Cardiology has established a task force for 
the future of stem cell therapy in cardiology [75]. A similar task 
force has been established by the National Heart, Lung and Blood 

Institute, which has provided a framework to coordinate the 
resources and funding of cardiovascular cell‐based therapy in the 
USA [76]. Both of these groups offer clear advice, and warn against 
research proceeding without international consensus, aiming to 
avoid further small, underpowered studies.

Conclusions
Despite recent technological and pharmacologic advances made 
within the field of interventional cardiology reducing mortality 
from coronary artery disease, it continues to cause significant 
 morbidity and efforts have been directed to developing ways of 
improving endothelial and myocardial function in patients in 
order to prevent future coronary events. The last two decades have 
seen an explosion of interest in the use of autologous stem cell 
therapy to improve the outcome for patients living with coronary 
heart disease. Unfortunately, the results of published randomized 
controlled trials and indeed meta‐analyses have been conflicting, 
particularly in the post‐acute MI population. Although the deliv
ery of autologous stem cells to the heart appears to be safe, many 
unanswered questions remain regarding their mechanism of 
action, the optimum cell type, method, and timing of delivery. It is 
anticipated that future larger scale randomized controlled trials, 
particularly the BAMI trial, will provide us with the answers to 
some of these in due course.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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The rapidly changing landscape of cardiology has been driven by an 
increasing wealth of clinical data within the scientific literature. 
Clinical decisions are therefore strongly influenced by the appropri
ate implementation of evidence‐based medicine, requiring the cli
nician to have an understanding of clinical trial design, and 
commonly utilized biostatistical analyses. The chapter begins with 
succinct descriptions of fundamental statistical principles. 
Significance testing, the estimation of the magnitude of effect, and 
the interpretation of p‐values are discussed, before the discussion of 
advanced techniques, such as the analysis of time to event data. This 
is followed by brief explanations of the basic principles of clinical 
trial design and planning, addressing issues of bias, sample size and 
power, and commonly used trial designs. Each topic is coupled with 
examples from published clinical trials.

The fundamentals
Significance tests and p‐values
In a well‐conducted clinical trial, particularly with double‐blind 
randomized trials, the possibility of bias is minimal and therefore 
the observed outcome difference between treatment groups is 
either a genuine effect or due to chance variation. Significance tests 
enable one to assess the strength of evidence that a real effect is 
present rather than a chance finding. There are three main types of 
outcome data analyzed in contemporary studies with different 
measures and tests of association as shown in Table 30.1.

While the calculations differ, the underlying principle is the same 
for all significance tests. For example, in the Strategies for Multi
vessel Revascularization in Patients with Diabetes (FREEDOM) 
trial, 1900 patients with diabetes mellitus (DM) were randomly allo
cated to either percutaneous coronary intervention (PCI) (n = 953) 
or coronary artery bypass graft (CABG) (n = 947) and followed for 
at least 2 years with a primary composite outcome of death, non‐
fatal myocardial infarction, or non‐fatal stroke. At 5 years, the num
ber (%) of patients with a primary outcome event in the PCI and 
CABG groups was 205 (26.6%) and 147 (18.7%), respectively, with 
a log‐rank p‐value of 0.005.

The interpretation of the p‐value is predicated on the formula
tion of the null hypothesis, which in the case of the FREEDOM trial 
assumed that both PCI and CABG were equally effective revascu
larization approaches in patients with DM and multivessel coronary 
artery  disease (CAD). Then the p‐value is defined as the probability 
p of detecting a difference of 26.6% vs. 18.7% or larger under the 
assumption that no true difference exists (i.e., the null hypothesis 
is true).

The answer from the log‐rank test is p = 0.005.
The smaller the probability p, the more convincing the evidence 

to contradict the null hypothesis. In the case of the FREEDOM trial, 
we have strong evidence that CABG reduces the risk of the primary 
endpoint compared to PCI.

Estimating the magnitude of effect
Conventional metrics to quantify the magnitude of a treatment 
effect (i.e., measure of association) include the risk ratio or relative 
risk; relative risk reduction, odds ratio, and number needed to treat. 
Examples of calculating each are provided in Table 30.2 with cor
responding examples from the FREEDOM trial.

There is no “correct” singular metric to quantify a treatment 
effect. Often, it is recommended to incorporate several of these to 
appreciate both relative and absolute effects.

Ninety‐five percent confidence interval to express 
uncertainty
Any estimate of treatment effect in a clinical trial contains some 
random error, and calculating a confidence interval (CI) enables 
one to see within what range it is plausible that the true effect lies. 
For instance, the observed relative risk in the TYPHOON trial is 
0.51 while the 95% CI is 0.33–0.80. This means that one is 95% sure 
that the true relative risk is in this interval. To be precise, there is a 
2.5% chance that the true RR lies below 0.33 and 2.5% that the true 
RR is greater than 0.80. The larger the trial, the tighter the CI 
becomes. Specifically, to halve the CI width one needs a trial four 
times the size.
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interpreting p‐values
Use of significance tests is often misleadingly oversimplified by putting 
too much emphasis on whether p is above or below 0.05. A p < 0.05 
means the result is statistically significant at the 5% level, but is an arbi
trary guideline. It does not mean one has firm proof of an effect. By 
definition, even if two treatments are truly identical there is a 1 in 20 
chance of reaching p < 0.05. Also, p > 0.05, not statistically significant 
(or n.s.), does not necessarily mean no true difference exists.

This concept is illustrated graphically in Figure 30.1. In the left‐
hand panel of this figure, similar treatment effects are obtained 
from two different studies, one of which is significant and one is 
not. The lack of significance alone should not be the sole metric on 
which to interpret the findings, particularly as the effect size appears 
to be large, albeit imprecise. In contrast, in the right‐hand panel, a 
p‐value of 0.05 is obtained with two very different effect sizes, one 
which is large and another that is much smaller. Again, focusing on 
the p‐value alone as the sole discriminator of importance in treat
ment effect would ignore the very large and perhaps clinically rele
vant gradient of effect between the treatments.

Link between p‐values and confidence intervals
If we have p < 0.05 then the 95% CI for the risk ratio (or odds ratio) 
will exclude 1, while if p > 0.05 is observed then the 95% CI will 
include 1. Thus, by looking at the CI alone one can infer whether 
the treatment difference is significant at the 5% level.

time to event data
Many major trials study time to a primary event outcome. For 
instance, the ACUITY trial studied composite ischemia: death, 
myocardial infarction, or unplanned revascularization over 1 year 
follow‐up.

A Kaplan–Meier life‐table plot is the main method of displaying 
such data by treatment group (Figure 30.2). It displays the cumula
tive percentage of patients experiencing the event over time for each 
group. This method takes account of patients having different lengths 
of follow‐up (e.g., any lost to follow‐up before the intended 1 year).

Such a plot is a useful descriptive tool, but one needs to use a log‐
rank test to see if there is evidence of a treatment difference in the 
incidence of events. For instance, the heparin + IIb/IIIa (n = 4603) 
and bivalirudin alone (n = 4612) groups had composite ischemia in 
15.4% and 16.0% of patients, respectively. The log‐rank test uses the 
total data by group displayed to obtain p = 0.29 (i.e., the data are 
consistent with the null hypothesis of no treatment difference). The 
log‐rank test can be thought of as an extension, indeed improve
ment, to the simpler chi‐squared test comparing two percentages 
because it takes into account the fact that patients have been fol
lowed for, and deaths occur at, differing times from randomization.

With time to event data, the hazard ratio is used to estimate any 
relative treatment differences in risk. It is similar to, but more com
plicated to calculate, than the simple relative risk already men
tioned. It effectively averages the instantaneous relative risk 
occurring at different follow‐up times, using what is commonly 
called a Cox proportional hazards model. In this case the hazard 
ratio comparing bivalirudin with heparin + IIa/IIIa is 1.06 with 95% 
CI 0.95–1.17. Thus, there is an observed 6% increase in hazard but 
the 95% CI includes 1 reflecting the lack of statistical significance.

table 30.1 Three main types of outcome data are analyzed in contemporary studies with different measures and tests of association.

type of data Example Measure of association test of association

Binary In‐stent restenosis Odds ratio Chi‐square test

Time to event Time to death Hazard ratio Log‐rank test

Quantitative Late loss (mm) Mean t‐test

table 30.2 Common measures of association and calculations.

Measure of association calculation FREEDoM example

Relative risk (RR) Event rate in group 1
Event rate in group 2

0.187/0.266 = 0.70

Relative risk reduction (RRR) 1–RR 1–0.70 = 0.3

Odds ratio (OR) (Prob of event in group 1/Probability of no event in group 1) /
(Prob of event in group 2/Probability of no event in group 2)

(0.187/0.813) / (0.266/0.734)
= 0.63

Number needed to treat (NNT) 1/Absolute risk reduction 1/(0.266–0.187) ~ 13

40
Same effect, different p-value

Different effect, same p-value

p = 0.30 p = 0.002

p = 0.05 p = 0.05
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Figure 30.1 Interpreting p‐values.
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Quantitative data
For a quantitative measure of patient outcome it is common to com
pare the mean outcomes in each treatment group. For example, in 
the SYMPLICITY HTN‐3 study, 535 patients with resistant hyper
tension were randomized in a blinded fashion to either renal dener
vation or sham control with a primary efficacy endpoint of change 
in office systolic blood pressure (SBP) at 6 months. The mean change 
from baseline in the renal denervation and sham groups was –14.1 ± 
23.9 mmHg and –11.7 ± 25.9 mmHg, respectively. The mean change 
between groups was –2.39 mmHg (95% CI –6.89 to 2.12; p = 0.26).

The standard deviation (SD) summarizes the extent of individual 
patient variation around each mean. If the data are normally dis
tributed then appropriately 95% of individuals will have a value 
within two standard deviations either side of the mean. This is 
sometimes called the reference range. However, for a clinical trial 
outcome measure it is more useful to calculate the standard error 
of  the mean (SEM) which is SD / N . That is, precision in the 
 estimated mean increases proportionately with the square root of 
the number of patients. The 95% confidence for the mean is mean 
±1.96 × SEM.

Trial design: the fundamentals
When planning a clinical trial much energy is devoted to defining 
exactly what is the new treatment, who are the eligible patients, and 
what are the primary and secondary outcomes. Then the following 
statistical design issues need to be considered.

control group
One essential is that the trial is comparative (i.e., one needs a control 
group of patients receiving a standard treatment who will be com
pared with patients receiving the new treatment). Such standard 
treatment can either be an established active treatment or no treat
ment (possibly a placebo). Of course, all patients in both groups 
have good medical care in all other respects.

Randomization
One needs a fair (unbiased) comparison between new treatment 
and control, and randomization is the key requirement in this 
regard. That is, each patient has an equal chance of being randomly 

assigned to new or standard treatment. Furthermore, the method of 
handling random assignments is such that no one can predict in 
advance what each next patient will be assigned to. Thus, randomi
zation ensures there is no selection bias in deciding which patients 
get new or standard treatment. Such selection bias is a serious 
 problem in any observational (non‐randomized) studies compar
ing treatments, making them notoriously unreliable in their 
conclusions.

As a consequence, randomization minimizes the possibility that 
treatment groups will significantly differ in baseline characteristics. 
The possibility for chance variation can never be completely elimi
nated, however, even in a randomized study design. To further 
guarantee that key baseline features will not influence the treatment 
effect, randomization can also be stratified, a common approach in 
multicenter studies.

In addition, randomization helps to ensure that all other aspects 
of patient care, and also the evaluation of patient outcome, is identi
cal in both treatment groups. In this respect it is often important to 
make the trial double blind whereby neither patients nor those treat
ing them and evaluating their response know which treatment each 
individual patient is receiving.

If a trial cannot be made double blind one can nevertheless 
require blinded evaluation of outcome by people not aware of which 
treatment each patient is on.

trial size and power calculations
For a trial to provide a reliably precise answer as to the relative mer
its of the randomized treatments one needs a sufficiently large 
number of patients. Power calculations are the most commonly 
used statistical method for determining the required trial size.

Each power calculation entails the following five steps, itemized 
in Table 30.3:
1 Choose a primary outcome for the trial.
2 Decide on a level of statistical significance required for declaring a 

“positive” trial. Five percent significance is usually chosen.
3 Declare what you expect the control groups results to be.
4 Declare the smallest true treatment difference that is important to 

detect. Large treatment effects, if present, can be detected in rela
tively small trials so it is relevant to focus on what reasonably 
modest effect one would not wish to miss.
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Figure 30.2 Kaplan–Meier life‐table plot showing pattern of treatment difference over time (e.g., ACUITY 1‐year follow‐up).
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5 Declare with what degree of certainty (statistical power) one 
wishes to detect such a difference as statistically significant. From 
such information there are statistical formulae that provide the 
required number of patients.
It is important to note that sample size is estimated in the design 

phase of a study using a priori assumptions that may or may not 
end up being correct. The implications of incorrect assumptions 
are not trivial. Poor design can result in an underpowered study 
that is unable to demonstrate reductions with a treatment effect 
that is in fact beneficial, thereby depriving patients of a therapeutic 
option. Alternatively, poor enrolment or event rate assumptions 
that are not realistic can result in significant expenditure of both 
human and financial resources in the execution of a study that 
is ultimately futile. Appreciating the nuances of sample size calcu
lations is critical to the interpretation of clinical trial results, 
both positive and negative. Table 30.4 provides several examples 
of  trials that were either under‐ or overpowered based on initial 
assumptions.

In the VA CARDS trial, investigators designed a multicenter ran
domized trial comparing CABG with PCI in patients with DM and 
CAD. The trial required 790 patients to yield 90% power to detect a 
40% reduction in the primary endpoint. However, the trial was 
stopped early because of slow enrolment, after enrolling only 198 
patients. The CI for the treatment effect was very wide, 0.47–1.71, 
and although this included the detectable difference for which the 
study was powered (RR 0.6), the small sample size rendered 
the results imprecise and non‐significant. In contrast, in FAME 2, 
De Bruyne et al. compared revascularization versus medical therapy 
in patients with stable CAD and fractional flow reserve (FFR) values 

≤0.8. The study assumed an event rate of 18.0% in the control arm, 
relative risk reduction of 30%, and 816 patients per group to provide 
84% power. Although the event rate assumption in the control arm 
was close to actual (19.5%), the study was halted after only 54% of 
projected enrolment because of a much larger than expected relative 
risk reduction of 61%. Finally, Price et al. designed the GRAVITAS 
trial to examine the impact of standard vs. high‐dose clopidogrel on 
reducing 6‐month outcomes in patients with high on‐treatment 
platelet reactivity. The investigators assumed a 6‐month event rate 
of 5.0%, risk reduction of 50%, and a sample size of 2200 to provide 
80% power. Although the trial enrolled the required sample size, 
event rates were only 2.3% in each group, yield ing a non‐significant 
and imprecise treatment effect of 1.01 (0.58–1.76).

Often, a single clinical trial is neither large nor representative 
enough to evaluate a particular therapeutic issue. Then, meta‐ 
analyses can be of value in combining evidence from several related 
trial to reach an overall conclusion.

Additional topics in clinical design 
and analysis
Superiority and non‐inferiority designs
This chapter so far has discussed the fundamentals of trial design 
and statistical analysis. Clearly there are many other important 
issues that need to be tackled in the design, conduct, analysis, and 
interpretation of clinical trials. All we can do here is briefly alert the 
reader to these topics and encourage them to pursue further from 
other courses, textbooks, publications, and so on.

In trial design we have concentrated on parallel group trial with 
just two treatments. In this context the most common trial types 
include superiority and non‐inferiority designs. The key difference 
between these trial types relates to the expression of the null and 
alternative hypotheses for each respective design. In a classic superi
ority trial the null hypothesis states that there are no differences 
between the experimental and control treatments whereas in a non‐
inferiority trial the null hypothesis is formulated as the experimental 
treatment is worse than control by a pre‐specified margin. Similarly, 
the alternative hypothesis for a superiority trial assumes that the 
experimental and control treatments are different (i.e., experimental 
is “superior”) while in a non‐inferiority framework the alternative 
hypothesis states that the experimental arm is no worse than the 
control by a pre‐specified margin. The possible interpretation of 
trial results is predicated on the study design, as shown in Figure 30.3. 
The choice of superiority as compared to a non‐inferiority design is 
influenced by a number of factors including cost, existing therapies, 
and side effect profiles of different treatments. Novel oral anticoa
gulants (NOACs), for example, require less monitoring than 
 conventional anticoagulation with oral vitamin K antagonists. 
Demonstration of non‐inferiority, therefore, may be sufficient 
 evidence to choose a NOAC as was shown in the large randomized 
ROCKET‐AF trial comparing rivoraxaban to warfarin. In addition, 
the great efficacy of certain treatments can require prohibitively 
large and expensive trials designed to show superiority.

intention to treat and per‐protocol analyses
Most major trials use analysis by intention to treat whereby all 
patients are included in their randomized groups even though they 
did not all fully comply with the intended treatments. Such an anal
ysis gives an unbiased comparison of the treatment policies as they 
were delivered in practice, a so‐called pragmatic trial. Per protocol 
analyses, which exclude any patient follow‐up when not on 

table 30.4 Impact of incorrect sample size assumptions on 
study power.

component 
of power 
calculation

Assumption 
compared to 
actual

Effect on 
power Example

Sample size Lower than expected Reduced VA CARDS

Detectable 
difference

Higher than 
expected

Increased FAME 2

Event rate Lower than expected Reduced GRAVITAS

table 30.3 Key components of sample size/power calculations.

component comments

Outcome type Proportion; time to event; mean

Type I error (alpha) Level of significance to declare a 
“significant” result. Typically 0.05

Control group rate Risk for events in non‐experimental arm

Meaningful difference Smallest true difference with clinical impact

Type II error (beta) Probability of declaring no difference 
when in fact one exists. Typically 0.1 or 
0.2. Power = 1 – Beta
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randomized treatment, are potentially biased as it could be the 
sicker patients who opt out.

Reporting of trial findings in medical journals, at conference 
presentations, and to regulatory authorities need to be of the high
est standards whereby an unbiased and detailed report of all rele
vant findings is presented.

The objectives, methods, discussion, and conclusions need to 
be clearly presented in a balanced report. In particular, results 
and interpretations should include any safety issues (adverse 

events) as well as efficacy findings. For publications in medical 
journals, the CONSORT guidelines are helpful to authors, editors, 
referees, and readers in enhancing the quality assessment of any 
trial report.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology

Treatment effect (95% Con�dence interval) Interpretation Superiority
p-value

Non-inferiority
p-value

Experimental better
than control <0.05 <0.05

Experimental not better
and non-inferior to control >0.05 <0.05

Experimental worse but
non-inferior to control >0.05 <0.05

Experimental worse and
not non-inferior to control >0.05 >0.05

Experimental better

N
o

n
-i

n
fe

ri
o
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g
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Control better

Figure 30.3 Example of the most common trial type, including superiority and non‐inferiority designs. The possible interpretation of trial results 
is predicated on the study design.
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Over the past decades, the field of percutaneous coronary interven
tion (PCI) has been rapidly evolving since the first balloon angio
plasty in 1977. Bare metal stents (BMS) were developed and 
significantly improved the acute success and reproducibility of PCI 
results compared to balloon angioplasty [1,2]. However, stent‐
mediated arterial injury elicited neointimal hyperplasia, leading 
to  restenosis and the need for repeat revascularization in about 
one‐third of patients [3–6]. Drug‐eluting stents (DES) with anti
proliferative drugs attached via polymer on the stent surface were 
developed as a logical next step in the evolution of PCI. These 
devices were designed to maintain the mechanical advantages of 
BMS over stand‐alone balloon angioplasty, while releasing antipro
liferative agents directly to the arterial wall to combat the neointi
mal hyperplasia occurring after conventional BMS placement. 
First‐generation DES including sirolimus and paclitaxel have shown 
clear evidence of clinical success with the application of the right 
dose and release kinetics. This chapter discusses the clinical data on 
sirolimus and paclitaxel‐eluting stents from pivotal trial to multi
vessel disease treatment, focusing on their historical contribution to 
interventional cardiology.

Initial studies of first‐generation DES
In 2003, the Food and Drug Administration (FDA) approved the 
use of the two first‐generation DES: the CYPHER sirolimus‐eluting 
stent (SES; Cordis Corporation, Johnson & Johnson, Miami Lakes, 
FL), and the TAXUS paclitaxel‐eluting stent (PES; Boston Scientific 
Corporation, Maple Grove, MN). The FDA decision was based on 
the results of pivotal randomized clinical trials comparing a given 
DES with a comparator BMS in relatively non‐complex lesions that 
constitute the “on‐label” indications for DES use. In these early 
 trials, the use of DES was demonstrated to reduce restenosis and 
repeat revascularization rates by 50–90% compared to BMS across 
all lesion and patients subsets [7].

In addition, DES has shown benefits with respect to reduced 
repeat revascularization and other restenosis‐related endpoints in 
more complex lesions, including acute myocardial infarction (MI), 
chronic total occlusions, in‐stent restenosis, diffuse disease, saphe
nous vein grafts, and bifurcation lesions [8–13]. In fact, given the 
observed relative reductions in restenosis‐related endpoints with 

DES, it follows that as the overall (absolute) risk of restenosis rises—
as is observed with more complex lesion subsets—the absolute 
 benefit of DES over BMS should increase. Thus, confidence in DES 
subsequently swelled, and as positive results from subsequent trials 
for a variety of expanded indications surfaced, physicians rapidly 
expanded the patient populations treated with DES to include other 
“off‐label” indications. In the years immediately after DES approval, 
“off‐label” use of these devices was estimated to occur in up to 65% 
of cases [14,15].

Paclitaxel‐eluting stent
Paclitaxel was approved by the FDA in 1992 as an antineoplastic 
agent to treat metastatic ovarian malignancies. Paclitaxel is a natu
ral diterpenoid extracted from the bark, roots, and leaves of several 
Taxus species, including Taxus brevifolia and Taxus media. Its 
effect has been mainly explained by its ability to stabilize microtu
bules and thereby inhibit cell division in the G0/G1 and G2/M 
phases [16]. Several studies have shown that paclitaxel inhibits the 
development of neointimal hyperplasia in different in vitro and in 
animal models of restenosis [17–20].

Overview of the TAXUS clinical trials
The safety and efficacy of the polymer‐based paclitaxel‐eluting 
TAXUS stent system have been investigated in six studies: TAXUS 
I [21], TAXUS II [22], TAXUS III [23], TAXUS IV [24,25], TAXUS 
V de novo [8], and TAXUS VI [26]. All studies, with the exception 
of TAXUS III, were randomized, double‐blind, multicenter inves
tigations that compared the paclitaxel‐eluting Taxus™ stent with 
BMS. TAXUS III was an open‐label investigation. Primary end
points varied by study and included one or more of the following: 
30‐day major adverse cardiac events (MACE) (TAXUS I and 
TAXUS III), 6‐month in‐stent volume obstruction caused by 
neointimal proliferation (TAXUS II), and 9‐month ischemia 
driven target vessel revascularization (TVR) (TAXUS IV, TAXUS 
V de novo, and TAXUS VI).

TAXUS I enrolled 61 patients and was a feasibility study designed 
to assess the safety of Taxus™ slow‐release vs. BMS. At 12 months, 
the MACE rates were 10% and 3% in the control and Taxus™ groups, 
respectively, demonstrating excellent long‐term safety. These results 
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were maintained through the 4‐year follow‐up with no new MACE 
in any TAXUS patient between 1 and 4 years.

TAXUS II studied 536 patients in 38 sites in a randomized, 
 double‐blind, controlled study of the safety and efficacy of the Taxus 
stent system on the NIRx stent platform. In this study, two  sequential 
cohorts (testing slow and moderate‐release TAXUS formulations) 
enrolled patients with standard risk de novo coronary artery lesions. 
The 6‐month results showed strong clinical performance as demon
strated by lower MACE and target lesion revascularization (TLR) 
rates in TAXUS patients compared with patients who received a 
BMS. The 6‐month MACE rates were reduced from 19.8% in the 
control group to 8.5% for the slow‐release formulation cohort 
(p = 0.0035) and 7.8% for the moderate‐release formulation cohort 
(p = 0.0019). At 12 months, the MACE rate in the slow‐release 
cohort remained low at 10.9% compared with the control rate of 
21.7% (p = 0.0082) and the TLR rate was 4.7%  compared with 14.4% 
for the control group (p = 0.0035). At 12 months, the moderate‐
release formulation cohort reported a 9.9% MACE rate (p = 0.0048 
vs. control) with a 3.8% TLR rate (p = 0.0010 vs. control). The 3‐year 
follow‐up for TAXUS II results were maintained with no new TLR 
or stent thrombosis occurring in the TAXUS groups.

TAXUS III was a single‐arm registry examining the feasibility of 
implanting Taxus stent for the treatment of in‐stent restenosis. The 
trial enrolled 29 patients, of whom 28 were treated with the Taxus 
NIRx stent platform. The trial confirmed safety and reported no 
stent thrombosis, no deaths, and a binary restenosis rate of 16% at 6 
months. From 6 months to 3 years, there was only one cardiac death 
and no stent thrombosis.

Similarly, in the large randomized TAXUS IV trial, randomizing 
1314 patients with single de novo non‐complex coronary lesions, 
the 9‐month rate of ischemia‐driven TVR was 4.7% with PES vs. 
12.0% with BMS, again a highly significant difference with similar 
relative effects observed across all subgroups [25].

TAXUS V was a randomized, double‐blind trial studying 1156 
patients at 66 sites in the USA using the slow‐release formulation 
(Express2 stent platform). TAXUS V expanded on the TAXUS IV piv
otal trial by studying a higher risk patient population, including 
patients with small vessels, and long lesions requiring multiple overlap
ping stents—the most challenging lesions and highest risk patients ever 
studied in a randomized controlled DES trial in the USA. The primary 
endpoint of the trial was 9‐month TVR, which was significantly lower 
in the TAXUS group (12.1%) than in the control group (17.3%; 
p = 0.0184). At 9 months, the overall MACE rate in the TAXUS group 
was 15.0%, compared with 21.2% in the control group (p = 0.0084). 
The study also reported a TLR rate of 8.6% in the Taxus™ cohort com
pared with 15.7% in the control group (p = 0.0003). In addition, stent 
thrombosis rates were identical between Taxus™ and control group 
stents (0.7% each). These clinical benefits were maintained at 1 year 
with an overall MACE rate of 18.9% in the TAXUS group compared to 
25.9% in the control group (p = 0.0052) and a TLR rate of 11.2% in the 
TAXUS group vs. 19.0% in the control group (p = 0.0003).

TAXUS VI, an international trial studying 446 patients with 
complex coronary artery disease at 44 sites, was designed to estab
lish the safety and efficacy of the moderate‐release formulation (on 
the Express2 stent platform) in the treatment of longer lesions. The 
trial had a primary endpoint of 9‐month TVR. The study’s TVR 
rate was 9.1% in the TAXUS group vs. the control group rate of 
19.4% at 9 months (p = 0.0027). Additionally, the Taxus™ group had 
a TLR rate of 6.8% (compared with 18.9% in the control group; 
p = 0.0001) and an in‐segment binary restenosis rate of 12.4% (com
pared with 35.7% in the control group; p <0.0001). The results sup

ported safety as  demonstrated by low MACE rates (16.4% MACE 
rate at 9 months in the TAXUS group compared with 22.5% in the 
control group; p = 0.1208). The 2‐year follow‐up data for TAXUS VI 
demonstrated that the safety and efficacy benefits associated with 
a moderate‐release formulation of the Taxus™ were maintained at 
2 years; a continued significant reduction in TLR rate (9.7% for the 
TAXUS group, as compared with 21.0% for the control group; 
p = 0.0013). Stent thromboses remained low and comparable to 
control rates (0.9% for both the Taxus™ group and the control 
group). The 2‐year results for TAXUS VI support long‐term safety 
with increased local exposure of the vessel to paclitaxel released 
from the moderate‐release formulation compared to the levels 
released from the slow‐release formulation. Even with an in vitro 
dosing rate 8–10 times greater than the commercialized slow‐
release formulation, no compromise in safety was observed.

Longer‐term data from the five pivotal PES trials, including 
3513 patients, has been reported; these data demonstrate durable 
reductions in clinical restenosis endpoints with similar overall 
safety for Taxus™ vs. BMS (Figure 31.1) [24]. The cumulative inci
dence of stent thrombosis was similar between Taxus™ and BMS 
(2.1% vs. 1.7%; p = 0.46). Subgroup analyses also demonstrated a 
similar relative benefit of Taxus™ vs. BMS for diabetics, and all ves
sel sizes (Figure  31.2). In brief, this patient‐level meta‐analysis 
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Figure 31.1 Pooled analysis from five TAXUS randomized clinical trials. 
Kaplan–Meier curves of cumulative rates of target vessel revasculariza-
tion comparing Taxus™ stent with bare metal stent (BMS). 
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Figure 31.2 Target lesion revascularization up to 5‐year follow‐up. 
Subgroup analysis summary from 5 TAXUS pivotal randomized clinical 
trial. Subgroup analysis shows relative benefit of Taxus™ vs. BMS for 
diabetics, all vessel sizes and all lesion length. 
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from the five principal TAXUS trials concluded that at 3–5 year 
follow‐up, polymer‐based PES compared to BMS stents result in:
1 No significant differences in death or MI;
2 No significant increase in stent thrombosis;
3 No significant increase in late stent thrombosis by Academic 

Research Consortium (ARC) definitions; and
4 Sustained reduction in target lesion and TVR.

Sirolimus‐eluting stent
First FDA approved in 1999 as prophylaxis for kidney transplant 
rejection, sirolimus is a macrolytic lactone produced by Streptomyces 
hygroscopicus. The primary mechanism of action of sirolimus’s inhi
bition of neointimal hyperplasia is probably related to its ability to 
bind to FK binding protein‐12 (FKBP‐12) in cells; this complex 
binds to and inhibits activation of the mammalian target of rapamy
cin (mTOR), preventing progression in the cell cycle form the G1 
phase to the S phase [27]. Its anti‐inflammatory and antiproliferative 
properties reduce smooth muscle cell proliferation in the arterial 
wall following stent‐induced injury [28,29]. With the low‐release 
formulation of the Cypher™, 50% of the drug is released in the first 
2 weeks and most of the sirolimus is released within 4 weeks after 
stent implantation.

Overview of the Cypher® clinical trials
Following the success of the first pilot study of the SES in 45 patients 
for suppressing intimal hyperplasia [30,31], the safety and efficacy 
of the polymer‐based sirolimus‐eluting Cypher® stent system have 
been investigated in four major studies: RAVEL [32], SIRIUS [33], 
E‐SIRIUS [34], and C‐SIRIUS [35].

The RAVEL trial, a randomized trial of 238 patients, compared 
SES with a standard BMS in patients with angina pectoris. At 6‐
month angiographic follow‐up, the in‐stent late luminal loss was 
significantly lower in the SES group (−0.01 ± 0.33 mm) than in the 
standard stent group (0.80 ± 0.53 mm; p <0.001), with a remarkable 
reduction in the rate of restenosis (0% vs. 26.6%; p <0.001). The rate 
of MACE, a composite of death, MI, coronary artery bypass graft
ing (CABG), or TVR at 1 year was 5.8% for SES‐treated patients vs. 
28.8% for BMS‐treated patients (p <0.001), mostly driven by a 
higher rate of revascularization of the target vessel in the standard 
stent group. At 3‐year follow‐up, these results were maintained, 
demonstrating a persistent reduction in MACE with SES compared 
to BMS (15.5% vs. 33.1%; p = 0.002) [36].

The SIRIUS trial, a 1058‐patient randomized trial comparing the 
Cypher® DES to its uncoated BMS, has led to FDA approval of SES in 
2003. More complex than in the RAVEL trial, lesion length was 
15–30 mm with vessel diameters of 2.5–3.5 mm. Both the primary 
endpoint, the rate of target vessel failure (a composite of cardiac 
death, MI, or revascularization of the target vessel) and the rate of 
MACE at 9 months was markedly lower among SES‐treated patients 
(8.6% vs. 21.0%; p < 0.001 and 7.1% vs. 18.9%; p < 0.001, respectively). 
The benefit of SES was observed in all tested subgroups in the trial, 
including diabetic patients, and irrespective of vessel size. Additionally, 
longer term follow‐up from SIRIUS has also demonstrated a persis
tently maintained benefit of SES over BMS, with 5‐year rates of target 
vessel failure of 22.5% vs. 34.7% (p < 0.0001) and MACE of 20.3% vs. 
33.5% (p < 0.0001), respectively [37].

Performed in Canada and Europe, C‐SIRIUS and E‐SIRIUS have 
shown similar results to the SIRIUS study. In these trials, the overall 
rate of angiographic restenosis was markedly lower with SES than 
BMS (in‐stent: 3.1% vs. 42.7%; p <0.001; in‐segment: 5.1% vs. 44.2%; 

p < 0.001). Reductions in MACE with the use of SES compared to 
BMS were also observed. A pooled analysis at 2‐year follow‐up of 
the three SIRIUS studies has shown significant reductions in MACE 
(10.6% vs. 26.3%; p < 0.001) with SES compared to BMS [38].

Longer term data from the four pivotal SES trials, including 1748 
patients, has been reported; these data demonstrate durable reduc
tions in clinical restenosis endpoints with similar overall safety for 
Cypher® vs. BMS (Figure 31.3) [39]. The cumulative incidence of 
stent thrombosis was similar with Cypher® and BMS (2.1% vs. 
2.0%; p = 0.99). Subgroup analyses from the 5‐year follow‐up of the 
SIRIUS study also demonstrated a similar relative benefit of 
Cypher® vs. BMS for diabetics and all vessel sizes (Figure  31.4). 
From this independent, patient‐level meta‐analysis from the four 
principal Cypher® trials it may be concluded that at 5‐year follow‐
up of patients with single de novo native coronary lesions 2.5–
3.5 mm in diameter and ≤30 mm in length, polymer‐based SES 
compared to otherwise equivalent BMS result in:
1 No significant differences in death or MI;
2 No significant increase in stent thrombosis;
3 No significant increase in late stent thrombosis by ARC defini

tions; and
4 Sustained reduction in target lesion and TVR.
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acute myocardial infarction
The use of DES in acute MI has been studied in both observational 
registries as well as in randomized clinical trials. In a recent meta‐
analysis of eight randomized trials in 2786 patients with a follow‐up 
of up to 24 months, the use of first‐generation DES compared to 
BMS was associated with a significantly reduced risk of reinterven
tion, without any difference in the rate of death, recurrent MI, and 
stent thrombosis [40]. First‐generation DES have shown to decrease 
significantly the TLR and repeat revascularization at 2 years with a 
significant decrease of the 2‐year risk‐adjusted mortality rate [41]. 
These data are quite reassuring regarding the safety of use of DES in 
acute coronary syndrome.

The TYPHOON trial, a randomized trial of in 712 patients, com
pared SES with BMS in patients undergoing primary PCI. This 
study has shown a significant reduction in MACE in favor of the 
SES treatment (5.6% vs. 13.4% with BMS; p <0.001), largely driven 
by a lower rate of TVR [10]. At 8 months, angiographic follow‐up 
demonstrated reductions in late loss and restenosis among patients 
treated with SES. No differences between the two groups were seen 
in term of rates of death, recurrent MI, and stent thrombosis.

In the SESAMI trial of 320 patients, treatment with SES was asso
ciated with a lower rate of restenosis (9.3% vs. 21.3%; p = 0.032) and 
with a reduction in TLV and MACE [42]. In the MISSION! trial, a 
randomized trial of SES vs. BMS in 310 patients undergoing primary 
PCI, treatment with SES was associated with a lower in‐segment late 
luminal loss at 9 months (0.68 ± 0.57 mm vs. 0.12 ± 0.43 mm) and a 
lower TLV rate (3.2% vs. 11.3%; p = 0.006) [43]. Rates of death, MI, 
and stent thrombosis were not different. However, IVUS study 
shows that late stent malapposition at 9 months was present in 12.5% 
of BMS patients and in 37.5% of SES patients (p <0.001), raising con
cern about the long‐term safety of SES in patients with ST‐elevation 
MI (STEMI). However, the PASSION trial, a randomized trial of 
PES vs. BMS in 619 patients undergoing primary PCI, treatment 
with PES was associated with a non‐significant trend in the rate of 
death from cardiac causes or recurrent MI (5.5% vs. 7.2%; p = 0.40) 
and in the rate of TLV (5.3% vs. 7.8%; p = 0.23) [9]. There was a trend 
toward a lower rate of serious adverse events in the PES group than 
in the uncoated‐stent group (8.8% vs. 12.8%; p = 0.09).

The Harmonizing Outcomes with Revascularization and Stents 
in Acute Myocardial Infarction (HORIZONS AMI) trial [44] rand
omized 3602 patients from 123 centers in 11 countries. All patients 
had STEMI with a symptom onset of less than 12 hours. Patients 
were first randomized in a 1 : 1 fashion to unfractionated heparin 
plus a glycoprotein (GP) IIb/IIIa inhibitor (abciximab or eptifiba
tide) or to bivalirudin monotherapy plus provisional GP IIb/IIIa 
inhibitors. The implantation of the paclitaxel‐eluting Taxus™ stent 
compared with the BMS Express™ stent resulted in a significant 
41% reduction at 1 year in the primary efficacy endpoint of 
ischemia‐driven TLR (4.5% vs. 7.5%, HR 0.59, 95% CI 0.43–0.83) 
and a significant 56% (10.0% vs. 22.9%, HR 0.44, 95% CI 0.33–0.57) 
reduction in the major secondary efficacy endpoint of binary reste
nosis. MACE, a composite of all‐cause mortality, reinfarction, 
stroke, and stent thrombosis, were equivalent with the two stents 
(8.1% vs. 8.0%, HR 1.02, 95% CI 0.76–1.36). At 3 years, compared 
with 1802 patients allocated to receive heparin plus a GP inhibitor, 
1800 patients allocated to bivalirudin monotherapy had lower rates 
of all‐cause mortality (5.9% vs. 7.7%; p = 0.03), cardiac mortality 
(2.9% vs. 5.1%; p = 0.001), reinfarction (6.2% vs. 8.2%; p = 0.04), and 
major bleeding not related to bypass graft surgery (6.9% vs. 10.5%, 
p = 0.0001), with no significant differences in ischemia‐driven 
TVR, stent thrombosis, or composite adverse events. Compared 

with 749 patients who received BMS, 2257 patients who received a 
PES had lower rates of ischemia‐driven TLR (9.4% vs. 15.1%; 
p  <0.0001) after 3 years, with no significant differences in the 
rates  of death, reinfarction, stroke, or stent thrombosis. Stent 
thrombosis was high (≥4.5%) in both groups [45,46]. Combining 
the HORIZONS study with other registries and randomized trials 
increases the number of patients with MI treated with DES and pro
vides reassurances about efficacy and safety of DES in this clinical 
setting [47]. Currently, novel generation of DES implantation is the 
default therapy for patients with STEMI [48].

Multivessel disease
Patients with complex multivessel coronary disease represent a high 
risk subgroup of patients for PCI. Three randomized trials have com
pared first‐generation DES with CABG, which comprises the main 
data in recent guidelines on myocardial revascularization [49,50].

The Coronary Artery Revascularization in Diabetes (CARDia) 
study [51] enrolled 510 patients in a randomized trial from 24 centers 
in the UK and Ireland, to compare the safety and efficacy of PCI with 
stenting against CABG in patients with diabetes and symptomatic 
multivessel coronary artery disease. This trial initially began using 
BMS, but when DES became available patients received Cypher™ 
stents. Cypher™ stents were used in 69% of patients and BMS in 31% 
patients undergoing PCI. A total of 254 patients were randomized for 
CABG and 256 for PCI, and at 1 year follow‐up the composite rate of 
death, MI, and stroke was 10.5% in the CABG group and 13% in the 
PCI group (HR 1.25, 95% CI 0.752.09), and repeat revascularization 
rates of 2.0% and 11,8%, respectively. There was no difference in all‐
cause mortality rates. The CARDia study was the first trial of coro
nary ravascularization in diabetic patients but did not show that PCI 
was non‐inferior to CABG for a period of up to 5 years.

The Future Revascularization Evaluation in Patients with Diabetes 
Mellitus: Optimal Management of Multivessel Disease (FREEDOM) 
trial [52] enrolled 1900 patients with multivessel coronary artery 
disease (mean SYNTAX score: 26.2 ± 8.6) and diabetes; these 
patients were randomized 1 : 1 to CABG or PCI and followed for a 
minimum of 2 years. In the PCI group, Cypher and Taxus stents 
were used in 51% and 43% of patients, respectively. At 30 days, the 
primary outcome (composite of death from any cause, non‐fatal MI, 
or non‐fatal stroke) occurred in fewer patients in the PCI group than 
in the CABG group. However, 5‐year events rate were 26.6% in the 
PCI group and 18.7% in CABG group (95% CI 3.3–12.5). Five year 
rates of all‐cause mortality were 16.3% in the PCI group versus 
10.9% in the CABG group (p = 0.049), MI also statistically differed 
favoring CABG group with 13.9% in PCI group and 6.0% in the 
CABG group. There were fewer strokes in the PCI group (2.4% vs. 
5.2%; p = 0.03). In summary, the FREEDOM trial found that CABG 
was superior to PCI in patients with diabetes and advanced coro
nary artery disease. CABG was associated with significantly reduced 
risks of death and MI but a higher risk of stroke during the 5‐year 
study (Figure 31.5). The results in favor of CABG were consistent 
across all the prespecified subgroups, including severity of disease as 
assessed by the SYNTAX score (Figure 31.6).

Synergy between PCI with Taxus and Cardiac Surgery (SYNTAX) 
trial was a prospective multicenter study, which randomized 1800 
patients with three‐vessel or left main coronary artery disease to 
undergo CABG (897 patients) or PCI with Taxus stent (903 
patients). At 1 year, the rate of primary endpoint was higher in the 
PCI group than the CABG group (17.8% vs. 12.4%; p = 0.002), 
mainly because of higher rates of repeat revascularization in the 



CHAPTER 31 Historical Perspective of Sirolimus and Paclitaxel‐Eluting Stent Clinical Studies 305

stent group (13.5% vs. 5.9%). Patients were stratified into three 
groups: low SYNTAX scores (0–22), intermediate scores (23–32), and 
high scores (≥32). The rate of primary endpoint in the stent group 
was similar to that in surgery group in patients with low complexity 
of disease (SYNTAX score ≤22; 32,1% vs. 28.6%, respectively; 
p = 0.43). The benefit of CABG emerged among patients with inter
mediate (SYNTAX score 23–32; 36% vs. 25.8%; p = 0.008) or high 
disease complexity (SYNTAX ≥33; 44% vs. 26.8%; p = 0.001) [53]. 
Based on these findings, CABG remains the standard treatment for 
patients with multivessel artery disease [54]. After 5 years’ follow‐
up, Kaplan–Meier estimates of major adverse cardiac or cerebrovas
cular events (MACCE) were 26.9% in the CABG group and 37.3% 
in the PCI group (p <0.0001). Estimates of MI (3.8% in the CABG 
group vs. 9.7% in the PCI group; p <0.0001) and repeat revasculari

zation (13.7% vs. 25.9%; p <0.0001) were significantly increased 
with PCI versus CABG. All‐cause death (11.4% in the CABG group 
vs. 13.9% in the PCI group; p = 0.10) and stroke (3.7% vs. 2.4%; 
p = 0.09) were not significantly different between groups. In the 
CABG group, 28.6% of patients with low SYNTAX scores had 
MACCE versus 32.1% of patients in the PCI group (p = 0.43); how
ever, in patients with intermediate or high SYNTAX scores MACCE 
was significantly increased with PCI (intermediate score, 25.8% of 
the CABG group vs. 36.0% of the PCI group; p = 0.008; high score, 
26.8% vs. 44.0%; p <0.0001) (Figures 31.7, 31.8, 31.9 and 31.10).

From this independent large‐scale trial it can be concluded that at 
5‐year follow‐up of patients with multivessel disease that CABG should 
remain the standard of care for patients with complex lesions (high or 
intermediate SYNTAX scores). For patients with less complex disease 
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(low SYNTAX scores) or left main coronary disease (low or intermedi
ate SYNTAX scores), PCI is an acceptable alternative. Notwithstanding, 
all patients with complex multivessel coronary artery disease should be 
reviewed by both a cardiac  surgeon and an interventional cardiologist 
to reach consensus on optimum treatment [55].

Left main coronary artery disease
CABG is considered as the treatment of choice for unprotected left 
main coronary artery stenosis, although PCI can be an acceptable 
alternative in some patients with left main stenosis.

The Premier of Randomized Comparison of Bypass Surgery  versus 
Angioplasty Using Sirolimus‐Eluting Stent in Patients with Left Main 
Coronary Artery Disease (PRECOMBAT), a prospective, open‐label 
trial, randomized 600 patients to PCI with SES (300 patients) or to 
CABG (300 patients). The primary endpoint of MACCE after 1 year 
occurred in 26 patients in the PCI group and 20 patients in the CABG 
group. In the PRECOMBAT trial, PCI with Cypher stents were shown 
to be non‐inferior to CABG in patients with left main coronary artery 
disease with respect to the composite endpoint of death, MI, stroke or 
TVR at 1 year [56]. At 5 years, MACCE occurred in 52 patients in the 
PCI group and 42 patients in the CABG group (cumulative event 
rates of 17.5% and 14.3%; p = 0.26). The two groups did not differ 
significantly in terms of death from any cause, MI, or stroke as well as 
their composite (8.4% and 9.6%; p = 0.66). Ischemia‐driven TVR 
occurred more frequently in the PCI group than in the CABG group 
(11.4% and 5.5%; p = 0.012).

In the SYNTAX trial, unprotected left main cohort (n = 705) was 
predefined and powered. The MACCE rate at 5 years was 36.9% in 
PCI patients and 31.0% in CABG patients (p = 0.12). The mortality 
rate was 12.8% and 14.6% in PCI and CABG patients, respectively 
(p = 0.53). Stroke was significantly increased in the CABG group 
(PCI 1.5% vs. CABG 4.3%; p = 0.03) and repeat revascularization in 
the PCI arm (26.7% vs. 15.5%; p <0.01). MACCE events were similar 
between arms in patients with low–intermediate SYNTAX scores but 
significantly increased in PCI patients with high scores (≥33) [57].

randomized trials, meta‐analyses, 
and registries
Five‐year follow‐up data from the pivotal randomized trials has dem
onstrated durable and sustained reductions in TLR and TVR with both 
first‐generation DES compared with BMS, with no significant differ
ences in endpoints such as death, MI, or stent thrombosis [39]. These 
findings have been paralleled in meta‐analyses of randomized trials 
comparing DES with BMS including not only the pivotal trials, but also 
trials for a variety of other indications, including acute MI [40,58].

One of the most extensive meta‐analyses to date comparing BMS 
with DES included 38 trials, a total of 18,023 patients, at a follow‐up 
of up to 4 years [59]. There was no significant difference in overall 
or cardiac mortality in this analysis between BMS, SES, or PES. 
Moreover, both SES and PES had significantly lower rates of repeat 
TLR than BMS. While SES was associated with lower rates of MI 
when compared with both BMS and PES, the number of patients 
needed to treat to prevent one MI event was about 100, which did 
not impact overall or cardiac mortality. With regard to stent throm
bosis, there were no differences between BMS, SES, or PES with 
respect to overall stent thrombosis. Interestingly, there was trend of 
late temporal separation, suggesting that BMS had a lower incidence 
of definite stent thrombosis at 4 years. While the reported rate of late 
stent thrombosis was higher with PES than BMS and SES, wide con
fidence intervals preclude any definitive conclusions in this regard 

(Figure 31.11). Although this large collaborative meta‐analysis has 
clearly demonstrated no worse safety of both first‐generation DES 
(SES and PES) compared to BMS with reductions in revasculariza
tion endpoints, head‐to‐head comparative data of SES with PES 

Figure 31.11 Network meta‐analyses comparing BMS and drug‐ 
eluting stents (DES) included 38 trials, a total of 18,023 patients, at 
a follow‐up of up to 4 years. Kaplan–Meier curve for death (a); 
myocardial infarction (b); target lesion revascularization (c); and ARC 
definite stent thrombosis (d). 
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have been mixed. In a meta‐analysis of 16 randomized trials com
paring SES with PES including 8695 patients, SES reduced the risk 
of target lesion and stent thrombosis compared to PES, without sig
nificant differences in risk of death or MI [60]. However, in the latest 
randomized trial comparing SES with PES in 2098 patients, there 
were no differences between SES and PES in the rate of MACE, 
defined as cardiac death, MI, TLR, or TVR.

In addition to data from randomized trials and meta‐analyses of 
these trials, there has been a great deal of data presented and 
 published recently from “real‐world” registries of first‐generation 
DES use. While a detailed summary of these data is beyond the 
scope of this review, a brief overview of the types of registry data 
currently available is instructive, and illustrates both the strengths 
and weaknesses of these types of analyses.

Most of these observational, non‐randomized comparisons of 
BMS and first‐generation DES fall into two types. The first type con
sists of a comparison between BMS and DES use occurring during 
two distinct time periods, a period with predominant use of BMS 
use (before or in the early stages of DES adoption) and a period with 
predominant DES use. The second type of analysis consists of a com
parison between BMS and DES from a single period of concurrent 
BMS and DES use. Unlike randomized trials, these types of analyses 
evaluate both BMS and DES use in “real‐world” patients, without 
restrictions of relatively strict patient and lesion inclusion and exclu
sion criteria. However, both types of analysis are of course observa
tional, and are limited by differences between patients treated with 
BMS or DES. While the sequential type of comparison attempts to 
limit selection bias (or decision making swaying the choice of one 
type of stent over the other), this analysis is subject to bias relating to 
differences in case selection, adjunctive pharmacology, and proce
dural factors between two different time periods. Similarly, while the 
concurrent type of registry may be less subject to these latter biases, 
selection bias can have a major role in explaining differences between 
treatment groups. As a result, observational, non‐randomized com
parisons between treatment groups are extremely valuable, but must 
be interpreted with caution despite efforts to statistically adjust for 
baseline differences between comparator groups.

Historically, the majority of registry data comparing first‐ generation 
DES with BMS included follow‐up of up to 4 years. Consistent with 
randomized trial data, these registries demonstrate significant 
reductions in TLV and other clinical endpoints related to restenosis. 
In addition, with the exception of the original presentation of the 
Swedish SCAAR registry that demonstrated increased mortality 
among DES‐treated patients, no other registry (including the re‐
analysis of SCAAR) has demonstrated a statistically detectable 
increase in mortality or MI with DES compared to BMS [13,61–65]. 
In fact, the greater part of these registries have demonstrated up to 
20% reductions in all‐cause mortality with DES compared to BMS 
even in adjusted analyses.

Additionally, several registries have assessed the risks and benefits 
of first‐generation DES use specifically in “off‐label” patients, or 
patients who would have been excluded from the pivotal DES vs. 
BMS trials. In a single center registry of 1164 consecutive patients 
receiving BMS and 1285 consecutive patients receiving DES, the use 
of DES was associated with lower all‐cause mortality (HR 0.72, 95% 
CI 0.54–0.94), and non‐fatal MI or death (HR 0.78, 95% CI 0.62–
0.98) compared to BMS in cases of “off‐label” stenting. This study 
demonstrated an elevated risk associated with “off‐label” use inde
pendent of stent type, but simultaneously demonstrated a greater 
relative benefit to DES vs. BMS when “off‐label” stenting occurs [13]. 
Although late stent thrombosis occurred with first‐generation DES 
in “off‐label” settings, and did not happen with BMS, the relative 

benefit of reduced TLV, non‐fatal MI, or death, and all‐cause mortal
ity would appear to outweigh this risk in “off‐label” settings. Similarly, 
in the NHLBI Dynamic registry, there was no difference in 
the adjusted risk of death or MI at 1 year associated with “off‐label” 
first‐generation DES use compared to BMS use despite a greater 
prevalence of comorbid conditions among DES‐treated patients. 
Consistent with other randomized trial and registry data, the risk of 
repeat revascularization was significantly lower with first‐generation 
DES, regardless of the setting (Figure 31.12) [63].

In summary, the preponderance of both randomized and registry 
data including thousands of patients with follow‐up in some cases 
of up to 5 years, supported the use of first‐generation DES in reduc
ing restenosis‐related events with no untoward effects related to 
death or MI, and in fact a possible reduction in mortality observed 
in registry series.

Finally, in a recent head‐to‐head comparison of Cypher vs. 
Taxus, Zhang et al. [66] evaluated 76 studies including more than 
15,000 patients in randomized controlled trials and over 70,000 
patients in adjusted observational studies. At overall‐term follow‐
up, SES significantly reduced TLR (RR 0.61, 95% CI 0.49–0.76), 
TVR (RR 0.67, 95% CI 0.54–0.83), MACE (RR 0.79, 95% CI 0.72–
0.87), MI (RR 0.85, 95% CI 0.73–0.99), in‐segment restenosis 
(RR 0.50. 95% CI 0.38–0.65) in randomized controlled trials com
pared with PES. In addition, lower rates of death (RR 0.91, 95% 
CI 0.83–1.00), any stent thrombosis (RR 0.62. 95% CI 0.45–0.86), 
definite stent thrombosis (RR 0.59; 95% CI 0.45–0.77) were found 
in  patients receiving SES in adjusted observational studies 
(Figures  31.13 and 31.14). Largely similar results were found at 
short and long‐term follow‐up, and in patients with diabetes, acute 
MI, or long lesions. From this independent meta‐analysis the 
authors concluded that SES significantly reduced the short, long, 
and  overall‐term risk of TLR/TVR, MACE, and restenosis, and 
overall‐term risk of MI in randomized controlled trials, compared 
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Figure 31.12 NHLBI Registry. Kaplan–Meier curves of death or 
myocardial infarction (a) and for target vessel revascularization 
(b) between “on‐label” vs. “off‐label” use. 
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with PES. Lower rates of death and stent thrombosis were also 
observed in observational studies in SES‐treated patients.

Nevertheless, issues such as incomplete delayed re‐ endothelialization 
and neointimal growth, enhanced platelet aggregation and inflam
mation, late‐acquired incomplete stent apposition, and localized 
hypersensitivity reaction have been observed to occur with both 
first‐generation DES. Novel DES systems have been introduced with 
the aim to improve outcomes while diminishing adverse events.

Safety concerns with DES and the 
introduction of novel generation DES
In late 2006, safety concerns were raised about these first‐ generation 
DES. Two meta‐analyses and a large observational registry study 
individually suggested increases in adverse clinical endpoints with 

DES largely emerging following the first year of stent implantation 
[67–69]. These initial data, combined with additional data demon
strating that first‐generation DES are associated with a small but 
measurable risk of late stent thrombosis (stent thrombosis occur
ring beyond 30 days) [70,71], were widely reported in the media 
and lay press, and generated considerable controversy and concern 
for patients, physicians, device companies, and regulatory bodies 
alike.

Data from numerous trials and registries have shown that the 
overall rate of acute and subacute stent thrombosis appears to be no 
different for DES or BMS [25,33]. However, in analyses incorporat
ing long‐term follow‐up, there is a small but finite risk of late 
stent  thrombosis associated with DES use [70,72]. In theory, this 
 occurrence of late stent thrombosis would be expected to increase 
mortality and non‐fatal MI rates for DES‐treated patients, but most 
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studies, including meta‐analyses inclusive of the early cautionary 
data, found no differences in death and MI at extended follow‐up 
[58,72]. Moreover, subsequent re‐analysis of the large Swedish reg
istry study that initially raised concerns over DES safety with addi
tional follow‐up to 4 years and the addition of more patients has 
demonstrated no differences in hard clinical endpoints between 
DES and BMS.

As part of interventional cardiology history, there appears to be 
some consensus that while first‐generation DES was likely associ
ated with a slightly increased rate of late stent thrombosis compared 
to BMS, at least with “on‐label” DES use, these risks appeared to be 
offset by reductions in restenosis‐related outcomes, and thus there 
was no observed increases in hard safety endpoints such as death or 
MI with the use of first‐generation DES compared to BMS. Finally, 
new generation DES and bioresorbable vascular scaffolds have been 
introduced in the armamentum of interventional cardiology in 
recent years; novel generation DES (including everolimus, zotaroli
mus, and biolimus‐eluting stents) have been demonstrated to be 
safer and more efficacious than first‐generation DES and are dis
cussed in other chapters.

Conclusions
Historical approaches to SES and PES development and clinical data 
are reviewed in this chapter. The first‐generation DES has overcome 
the obstacle of restenosis and consequent need for repeat revascu
larization over BMS. However, long‐term safety issues have arisen. 
While there was a likely greater risk of late stent thrombosis with 
first‐generation DES, the preponderance of data suggested that they 
were not associated with increases in death, MI, or other “hard clini
cal endpoints” compared to BMS, and were durably associated with 
reductions in restenosis‐related endpoints, with potentially even 
greater absolute benefits (and risks) in “off‐label” utilization.

As PCI continues to adapt and evolve, new developments in DES 
technology are currently in use. Aside from novel‐generation stents, 
a whole host of new DES technologies are currently under active 
investigation. Bifurcation DES systems, DES with bioresorable 
poly mers, non‐polymer DES approaches with surface modification 
to obviate the use of a polymer, and even wholly bioresorable vascu
lar scaffolds are all currently in use in clinical practice or are being 
tested in clinical trials.
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Compared to their bare metal predecessors, drug‐eluting stents 
(DES) have undisputed efficacy in preventing in‐stent restenosis. 
First‐generation DES pushed the boundaries of percutaneous 
 coronary intervention, permitting the application of minimally 
invasive techniques to clinical scenarios that once fell strictly in the 
surgical domain. Despite their efficacy and resulting enthusiastic 
use, however, concerns rapidly surfaced over their long‐term 
safety. Evidence suggesting an increased risk of late stent thrombosis 
and restenosis resulted in a comprehensive reconsideration of the 
first‐generation DES.

The countless studies that emerged from this reassessment 
 provided new insights into the complex relationship between stent 
and vessel wall, and a renewed focus on the stent platform, polymer, 
and drug. Factors such as strut thickness, polymer biocompatibility, 
and drug release kinetics are now known to influence vascular 
endothelial healing, a major factor in long‐term stent outcomes. 
Such insights have subsequently informed the design of the second‐
generation DES, resulting in the use of more biocompatible drug‐
eluting polymers, more effective drug formulations, and more 
resilient platform materials.

Cobalt‐chromium (CoCr) stents were largely born out of the need 
for a new generation of coronary stents preserving or improving the 
safety, efficacy, and deliverability of earlier iterations. The superior bio-
mechanics and biocompatibility of these alloys serve as the platform for 
increasingly varied and innovative approaches to stent design. Overall, 
it appears that the second‐generation DES retain the anti‐restenotic 
efficacy of first‐generation DES while maintaining protection against 
late stent thrombosis [1–4]. While several second‐generation DES are 
now in clinical use, this chapter focuses on the market‐leading CoCr 
everolimus‐eluting stents (EES), which have become the standard 
against which new stents and scaffolds are compared.

This chapter begins with a brief discussion of several material 
and chemical properties of CoCr alloys that contribute to these 
stents’ superior biomechanics and biocompatibility. This discussion 
provides context for the subsequent technical description of the 
CoCr‐EES and the clinical trials evaluating their safety and efficacy. 
Finally, it should be understood that the chemical and material 
properties discussed are not meant to be exhaustive nor meant to 
suggest that CoCr alloys are the single best material for coronary 
stents; other excellent materials exist and more are in development. 

Rather, the goal is to illustrate that while CoCr alloys do have their 
limitations, they achieve a better balance than materials such as 
stainless steel. These concepts not only help explain the clinical suc-
cess of CoCr‐DES, but may also serve as a framework to better 
understand the performance of other important and commonly 
used stent materials such as the titanium and platinum alloys.

Material and chemical properties 
of cobalt‐chromium alloys
The three overarching elements in the design of traditional DES are 
platform, polymer, and drug. Alteration in these features accounts 
for much of the variety seen in currently available stents 
(Figure 32.1). Although each element is critical, the platform’s bio-
mechanics and biocompatibility have key roles in a stent’s overall 
performance. The CoCr alloys possess key material and chemical 
properties that improve their performance compared to stainless 
steel and many other materials used in coronary stents.

Platform biomechanics
Role of strut thickness
For more than a decade, stent design has prioritized thinner struts as 
a result of numerous studies demonstrating significantly improved 
outcomes compared to stents with thick struts [5,6]. While thick 
struts provide radial and longitudinal strength, they characteristi-
cally lack the flexibility and conformability critical in maintaining 
stent apposition without inducing vessel deformity and injury. 
Thinner struts demonstrate better apposition to the vessel wall and 
cause less disruption of local hemodynamics [7–11]. Stents with 
thinner struts also show less vascular inflammation [12,13] and 
thrombosis [7]. These findings may partially explain rapid and more 
complete endothelial healing seen with thin struts [14].

Strut thickness also impacts stent deliverability, the qualitative 
ease with which a stent is visualized, tracked to the target, and 
 adequately deployed. Thinner struts increase flexibility to better 
negotiate complex vascular anatomy, reduce crossing profiles to 
navigate across lesions, and present less obstruction of side branch 
access. Thin struts, however, are less radio‐opaque and thus 
decrease the operator’s ability to visualize the stent under fluoros-
copy to ensure safe and effective deployment.
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While these observations formed a strong driving force toward 
thinner struts, stainless steel was not strong or dense enough to 
 fabricate thin struts while maintaining characteristics essential to 
coronary stents. In fact, the push toward thinner and thinner struts 
has led to concerns about recoil, longitudinal stent deformation, 
and stent fracture with newer stent platforms [15,16]. While these 
mechanical complications remain rare events overall, they have 
been associated with restenosis and thrombosis [17]. Some reports 
suggest, for instance, that longitudinal deformation occurs more 
frequently with platinum‐chromium based stents [18] whereas 
 others have found no correlation [19]. Ongoing studies suggest that 
in addition to certain clinical factors such as stent length and vessel 
diameter, the number and arrangement of longitudinal connectors 
between hoops are more significant determinants than strut 
 thickness or material [15,16,20–22].

Ultimately, the material properties of the platform outline the 
fundamental limits of its design and deliverability. The tensile 
strength, yield strength, elasticity, and density of the platform mate-
rial define the thinnest struts possible while maintaining strength, 
flexibility, and radio‐opacity. While stainless steel has long been 
used in medical devices, it has several limitations in the context of 
coronary stents and the particular need for thinner stent struts. 
Relative to stainless steel, the CoCr alloys have struck a better 
 balance. The most commonly used CoCr alloys, L605 and MP35N, 
vary in composition, but their biomechanical properties are similar 

(Table  32.1) [23]. Both L605 and MP35N have higher tensile 
strength, yield strength, elastic modulus, and density than 316 L 
stainless steel because of key differences in chemical composition.

Crystal structure of metals
The mechanical properties of alloys depend on their chemical com-
position and crystal structure of the metal (Table 32.2). Most metals 
have a crystalline structure in which atoms form repeating unit cells 
that can take various arrangements such as face‐centered cubic, 
body‐centered cubic, and hexagonal closely packed. Simplistically 
speaking, these arrangements determine how closely atoms are 
packed together, thereby determining properties such as strength, 
density, and magnetism. Further, unit cell arrangements can 

1.  Platform

2.  Polymer/coating
DES

3.  Drug

Cilostazol

EPC antibody?

CD-34 antibody

Gene-eluting

Dual drug-eluting

Other

Paclitaxel

Sirolimus and analogues

Novolimus

Biolimus A9

Zotarolimus

Everolimus

Drug reservoirs

Micro/nano texturing

Silicon carbide

PCL

PLGA

PLLA

BioLinx tripolymer

Durable polymer

Bioabsorbable polymer

Bioabsorbable

Metallic

SS

L605

MP35N
CoCr

PtCr

NiTi

Polymer-free coatings

Surface treatments

PVDF-HFP

PC

PMBA

p-SIBS

–

–

–

–

–

–

–

–

–
–

–

Figure 32.1 Components of drug‐eluting stents (DES).

Table 32.1 Composition of stainless steel and cobalt‐chromium alloys.

Alloy

Element composition (%)

C Fe Co Cr Ni W Mo Mn

316 L 0.03 64 — 18 14 — 2.6 2.0

MP35N 0.025 1.0 35 20 35 — 10 0.15

L605 0.1 3.0 52 20 10 15 — 1.5
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 transform from one to another depending on factors such as 
 temperature and the presence of impurities.

Many pure metals contain defects in the regular crystalline 
arrangement because of atoms missing from their expected posi-
tion, interjection of atoms where they are not expected, or slight 

misalignment of bonds. Ultimately, these defects result in a 
polycrystalline material with countless crystal grains and planar 
facets (Figure 32.2a–c). Crystal defects partially account for the 
brittleness of pure metals and the deformability of metals in 
 general, but defects can be removed or mitigated by various met-
allurgical techniques, thereby altering mechanical properties of 
the metal.

Alloying, or solid‐solution strengthening, is one technique to 
 stabilize crystal defects and strengthen pure metals. The addition 
of other elements effectively hinders deformation around defects 
due to differences in intermetallic bond strength and atom size 
(Figure 32.2d). Another technique is grain‐boundary strengthen-
ing, which involves applying a force (such as with a hammer) to 
the metal or alloy to decrease grain size and reposition the defects 
to coalesce with the newly formed grain boundaries*. This is rel-
evant because certain alloyed elements can also affect grain size; 
elements that reduce grain size can effectively increase the overall 
alloy strength. Finally, the temperature at which alloys are worked 
can induce transformations in the unit cell arrangement (such as 

Table 32.2 Mechanical properties of stainless steel and cobalt‐ 
chromium alloys.

Material
Density 
(g/cm3) UTS (MPa)

Yield strength 
(MPa)

Elastic 
modulus 
(GPa)

316 L 7.9 670 340 193

MP35N 8.4 930 414 233

L605 9.1 1000 500 243

UTS, ultimate tensile strength.
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Figure 32.2 Schematic representation of metallic crystal structure, defects, and strengthening. (a) Vacancy defects in the crystal cause 
misalignment of bonds and a point susceptible to deformation. (b) Dislocation defects result in misalignment of bonds and susceptibility to 
deformation. (c) Linear or planar dislocation defects result in the formation of a new crystal grain and boundary. (d) Cobalt and chromium atoms 
stabilize defects and allow closer packing of atoms to strengthen alloys and increase wear resistance.

*As the surface of a crystal grain is generally formed by planes, planar boundaries define the interface where two crystal grains meet. Given a constant 
 volume of polycrystalline metal, decreasing crystal grain size increases the number of grains and planar boundaries, akin to increasing surface area. Grain‐
boundary strengthening effectively ushers atomic crystal defects into planar boundaries, an inherently less unstable arrangement than randomly dispersed 
defects. In short, point and line defects are less stable than plane defects, although this mechanism breaks down with extreme reductions in grain size.
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body‐centered to face‐centered cubic transformation), which 
again affects electromagnetic and mechanical behavior.

These concepts are introduced in order to demonstrate that the 
increased strength, elasticity, and density of CoCr alloys can be tied 
to the specific effects of cobalt, chromium, tungsten, and molybde-
num on the crystal structure of the alloy. During CoCr alloy fabri-
cation, the atomic structure of cobalt (more specifically, the number 
and arrangement of its electrons) facilitates a partial transformation 
of the unit cell arrangement from face‐centered cubic to hexagonal 
closely packed structure. The resulting combination of closely 
packed but distinct unit cell configurations significantly increases 
the alloy’s strength and wear resistance [24]. This type of unit cell 
rearrangement and strengthening does not occur in stainless steel.

In many alloys, chromium binds with carbon to form extremely 
strong chromium‐carbides, which stabilize defects and grain 
boundaries. While carbides in CoCr alloys are generally chromium‐
based, cobalt, tungsten, and molybdenum can substitute for chro-
mium and exert their own strengthening effects. Furthermore, 
tungsten promotes even distribution of carbides through the alloy; 
molybdenum decreases crystal grain size, reducing the destabiliz-
ing effect of crystal defects [24,25].

Thus, the specific chemical composition of CoCr alloys imbues 
the material with properties that allow the fabrication of thin‐strut 
(<100 µm) stents while maintaining strength, flexibility, and radio‐
opacity in addition to long‐term resistance to wear, fatigue, and cor-
rosion [25–28]. From a clinical standpoint, these biomechanical 
characteristics have contributed to reduced endothelial injury, 
thrombosis, and restenosis compared to stents with thicker struts 
[29,30]. These concepts help explain some of the limitations of 
stainless steel and some of the reasons cobalt, platinum, and tita-
nium alloys perform so well in coronary stents.

Platform biocompatibility
Biocompatibility is an obvious requirement for any implanted 
device, but its definition has evolved over time and fluctuates con-
siderably in accordance with the setting and desired outcomes 
[31]. For metallic coronary stents, biocompatibility requires 
resistance to thrombosis and low inflammatory potential. These 
characteristics are not inherent even to gold and turbostratic 
 carbon, materials successfully used in other blood‐contacting 
devices, but which have not worked well in coronary stents 
[32–35]. The CoCr alloys, however, continue to show their bio-
compatibility through low rates of restenosis and thrombosis 
[29,30] in addition to reduced need for revascularization histori-
cally compared to stainless steel BMS [36]. While likely related to 
thinner struts and improved biomechanics, several material and 
chemical properties of CoCr also contribute to improved resist-
ance to thrombosis and inflammation.

Surface characteristics and resistance to thrombosis
Resistance to thrombosis is a vital characteristic of any coronary 
stent as metal is a potent trigger of fibrin deposition and platelet 
adhesion. While the detailed thermodynamic and electrochemical 
mechanisms of stent thrombosis are beyond the scope of this dis-
cussion, this process is again influenced by stent material properties 
and surface characteristics [12,37,38].

In brief, the energy differential between blood and metallic stent 
surface contributes not only to protein deposition on the stent, but 
also influences which proteins are deposited (fibrin, fibronectin, 
albumin, etc.) and the extent to which these proteins are denatured 
by contact with the metallic surface [38]. In fact, varying 

conformations of adherent fibronectin have been shown to have 
differential affinity for platelet, monocyte, and endothelial cell 
adhesion depending on which intermolecular binding domains are 
exposed upon adhering to metal [39]. This can influence propen-
sity for thrombosis, restenosis, and endothelial coverage.

The energy differential between the stent surface and blood 
depends upon the material surface energy, a measure of the stability 
of molecular bonds at the surface relative to that of internal mole-
cules; surface potential, a measure of electrical conductivity; and 
surface texture [38,40].The empirical characterization of surfaces is 
extremely complex, and a clearly defined relationship between 
 surface characteristics and thrombosis has remained elusive [41,42]. 
Simplistically speaking, however, CoCr alloys have low surface 
energy, low surface potential, and a surface readily electro‐polished 
relative to other materials used in stents, all of which contribute to 
reduced thrombogenicity [37,43].

These observations are supported by the empirical measurement 
of fibrin and platelet adhesion in vitro, which can reasonably 
approximate the thrombo‐resistance and inflammatory nature of 
various materials. For example, materials such as gold, manganese, 
and turbostatic carbon have high rates of in vitro fibrin, platelet, and 
monocyte adhesion [44], corresponding to high rates of restenosis 
seen with stents containing these materials [33,34]. In contrast, 
L605 CoCr shows a low rate of fibrin deposition, minimal  monocyte 
adhesion, and good endothelial cell migration characteristics [44], 
again supported by clinical results demonstrating low thrombo-
genicity and restenosis [29,30].

Corrosion resistance and reduced inflammation
In addition to thick stent struts and early durable polymers, 
metal release from corroding stent platforms has been suggested 
as another source of vascular toxicity and chronic inflammation 
[45]. Corrosion has been postulated to explain the singular fail-
ure of gold‐coated stents: surface irregularities imparted by the 
galvanization‐coating technique may have caused cracks in the 
gold layer resulting in corrosion and leaching of toxic and 
inflammatory metal ions into surrounding tissues [33,42,46]. 
Refinement of the gold coating technique resulted in better sur-
face texture and integrity, and eliminated excessive restenosis 
altogether [46].

Clearly, corrosion resistance depends on mechanical integrity of 
the platform. As seen with the gold‐coated stents, cracks and 
 fissures may have acted as a nidus for propagating corrosion 
(Figure 32.3). The high elasticity, wear, and fatigue resistance of the 
CoCr alloys reduce their propensity to fracture, and thus partially 
explain their superior corrosion resistance. However, compared 
with stainless steel and other commonly used device materials, 
CoCr alloys demonstrate superior corrosion resistance mainly 
because of in vivo oxidation of the metallic stent surface [25,47]. 
Surface oxidation creates a passive film that acts somewhat like a 
natural sealant and reduces metal release into surrounding tissues 
[48]. The importance of surface oxide formation cannot be over-
stated when considering that, as lone elements, cobalt, chromium, 
and nickel are highly toxic, yet once alloyed and oxidized they form 
a highly biocompatible, non‐toxic material.

Interestingly, the stability of the formed oxide is more important 
in preventing metal release than quantitative metal content itself. 
Although both L605 and MP35N CoCr alloys contain a relatively 
high percentage by weight of nickel (10% and 35%, respectively), 
their superior oxide stability prevents nickel release seen in slightly 
more corrosion‐prone alloys such as stainless steel. This superior 
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oxide stability is mainly because of high chromium content of CoCr 
alloys, although nickel and molybdenum also contribute. In a cobalt 
matrix, high chromium content in particular induces spontaneous 
surface oxidation to form a highly stable Cr2O3 oxide [24]. As a 
result, CoCr alloys have significantly greater corrosion resistance 
than stainless steel [47].

Lastly, it should be noted that the same element can have oppos-
ing effects on mechanical strength and corrosion resistance, hence 
the difficulty and importance of achieving balanced performance. 
Tungsten, for instance, improves strength and wear resistance of 
L605, but may also contribute to its slightly lower corrosion resist-
ance than MP35N. On the other hand, MP35N lacks tungsten and 
can therefore be slightly more corrosion resistant at the expense of 
some mechanical strength. These are, of course, simplified explana-
tions of highly complex phenomena, but still serve to illustrate how 
chemical and material properties relate to real‐world clinical 
performance.

Cobalt‐chromium everolimus‐eluting 
stents: technical overview
Platform
The CoCr‐EES are conscribed by the Xience V, Prime, Xpedition, 
and Alpine (Abbott Vascular, Santa Clara, CA, USA). Since the 
 initial introduction of the Xience V in 2006, these stents have 
undergone only incremental changes marked by minor alterations 
in the platform design and delivery system.

The Xience V was based on the L605‐CoCr Multi‐Link Vision 
(Abbott Vascular) platform, which features 81 µm struts and an 
open‐cell design characterized by in‐phase sinusoidal hoops 
linked by three longitudinal connectors per hoop. Each longitudinal 

 connector has a small C‐shaped loop to enhance flexibility 
(Figure  32.4). The Xience V was subsequently replaced by the 
Xience Prime, and more recently by the Xpedition and Alpine.

The Xience Prime, Xpedition, and Alpine EES are based on the 
L605‐CoCr Multi‐Link 8 (Abbott Vascular), which features slightly 
longer cells and minor modifications to the proximal hoop, but is 
 otherwise nearly identical to the Multi‐Link Vision. Both of these plat-
forms provide thin struts while maintaining excellent radial strength, 
longitudinal strength, flexibility, and radio‐opacity [15,20,26].

Polymer
All of the Xience stents employ a biocompatible durable polymer 
coating consisting of a primer layer and a polymer‐drug layer with 
a total thickness of 7.8 µm. The primer, poly n‐butyl methylacrylate 
(PMBA), is synthesized from methylacrylate monomers and serves 
to adhere the drug‐eluting polymer to the platform. The drug‐ 
eluting layer is a combination of polyvinylidene fluoride‐ 
hexafluoropropylene (PVDF‐HFP) and everolimus mixed in a ratio 
of 83 : 17%, which is then applied to the entire PMBA‐primed stent 
surface.

As the durable drug‐eluting polymers are permanent, rapid 
endothelial healing and long‐term resistance to thrombosis and 
chronic inflammation are essential to long‐term safety. As with 
the CoCr alloys, the PVDF‐HFP polymer possesses chemical 
and  material properties that significantly enhance its clinical 
performance.

Polymer chemical structure
PVDF‐HFP is a semi‐crystalline polymer with an entirely saturated 
carbon‐carbon backbone, which increases resistance to hydrolysis, 
oxidation, and enzymatic cleavage. This oxidative stability may 

(a) (b) (c)

(d) (e)

Figure 32.3 Stent corrosion. Scanning electron micrograph of the surface of a nickel‐titanium stent with cracks (a, b, d) and corrosion pits upon 
closer examination (c, e). Source: Halwani DO, et al.J Biomed Mater Res B 2010; 95B: 225–238. Reproduced with permission. Copyright © 2010 
Wiley Periodicals, Inc.
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reduce the formation of inflammatory degradation products. 
Additionally, approximately 50% of the carbon backbone is satu-
rated with fluorine to form a highly inert, hydrophobic stent surface 
resistant to thrombosis (Figure 32.5) [39]. Although hydrophobic 
surfaces are theoretically more prone to thrombosis, this has not 
been borne out by experiments comparing hydrophilic polymers to 
hydrophobic fluorinated polymers [49]. Instead, the high energy 
C‐F bond’s thermodynamic stability and relative non‐polarity lower 
the surface energy and potential, respectively, of the CoCr platform 
[50]. These characteristics explain fluoropassivation, an empirically 
observed improvement in endothelial healing, resistance to throm-
bosis, and reduced inflammatory potentialof fluorinated polymers 
[3,39,49–52].

Glass transition temperature for polymers
A brief word about glass transition temperature for polymers, Tg, 
the temperature below which polymers are brittle and prone to 
cracking, and above which they are pliable and elastic; it is the 
energy required to overcome intermolecular forces resisting fluid 

motion of polymer chains. PVDF‐HFP has a very low Tg of –29 °C, 
resulting in inherently high elasticity and fatigue resistance at body 
temperature. This is particularly important in both the short and 
long term, as more brittle polymers can crack during balloon 
expansion or with constant cardiac motion and arterial pulsatility.

In summary, the semi‐crystalline fluorinated structure and low 
Tg of PVDF‐HFP contribute to high oxidative stability, resistance to 
fatigue and cracking, low thrombogenicity, and favorable drug 
release kinetics.

Drug
Everolimus is a partially synthetic analogue of sirolimus (rapa-
mycin), a naturally occurring compound formed by Streptomyces 
hygroscopicus. Sirolimus and its analogues bind cytosolic 
FK‐506 Binding Protein‐12 (FKBP12) to form a complex inhib-
iting the mammalian target of rapamycin (MToR), resulting in 
cytostatic G1‐phase cell cycle arrest. Everolimus may also selec-
tively clear macrophages from atheromas, theoretically stabiliz-
ing vulnerable plaques, but the clinical significance remains to 
be elucidated [53].

Sirolimus analogues are synthesized by manipulating various 
carbon side‐chain atoms. The sirolimus derivatives have similar in 
vivo potency and efficacy in their formulations for coronary DES 
but have highly varied lipophilicity. Everolimus is more lipophilic 
than sirolimus, resulting in increased local vascular uptake, 
 particularly into lipid‐rich atheroma, and lower systemic distribu-
tion. This has allowed the EES to contain a lower concentration of 
drug (100 µg/cm2).

The CoCr‐EES has demonstrated excellent short- and long‐term 
endothelial healing similar to bare metal stents and superior to the 
first‐generation DES (Figure 32.6) [54]. This is partially caused by 
the kinetics of drug release, an important contributor to endothelial 
healing and clinical outcomes. The polymer‐drug formulation of 
the CoCr‐EES results in approximately 30% drug release within the 
first 24 hours after implantation, leading to 80% release by 30 days 
and complete elution by 120 days. The mechanisms of polymeric 
drug‐elution are complex, but suffice it to say that the low Tg of 
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Figure 32.4 Xience stent. The Xience V/Multi‐Link Vision has an open‐cell, in‐phase sinusoidal pattern with three longitudinal connectors 
between adjacent hoops. The longitudinal connectors feature a C‐shaped loop (asterisk) to increase flexibility. The Xience Prime, Xpedition, and 
Alpine are based on the Multi‐Link 8 platform, which features slightly longer connectors resulting in longer cells, but is otherwise identical to the 
Multi‐Link 8.
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Figure 32.5 Chemical structure of poly n‐butyl methylacrylate (PMBA) 
and polyvinylidene fluoride‐hexafluoropropylene (PVDF‐HFP). (a) 
Chemical structure of PMBA. (b) The completely saturated, partially 
fluorinated carbon‐carbon backbone of PVDF‐HFP increases its 
oxidative stability and resistance to thrombosis.
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PVDF‐HFP and the miscibility of polymer and drug (as both are 
hydrophobic) factor into controlled drug release.

Xience stents: clinical trials
A multitude of trials have proven the short- and long‐term safety 
and efficacy of the CoCr‐EES compared to first generation DES, 
and now these stents are considered the standard comparator for 
newer devices and scaffolds. As such, several landmark studies 
investigating the Xience EES are presented (Table 32.3).

SPIRIT I–IV
SPIRIT FIRST was a prospective trial randomizing 56 patients to the 
Xience V‐EES or the Multi‐Link Vision (Guidant/Abbott Vascular, 
Santa Clara, CA, USA) L605 CoCr BMS [55]. Early angiographic 
results from SPIRIT FIRST showed excellent performance of the 
Xience V‐EES compared to the Multi‐Link Vision CoCr BMS (6‐
month in‐stent late lumen loss of 0.1 vs. 0.87 mm; p <0.001), along 
with a non‐significantly lower rate of clinical events (7.7% vs. 21.4%; 
p = NS), as a result of low sample size resulting in lack of power to 
assess clinical outcomes. Long‐term data confirmed that  the early 
findings of superior safety and efficacy of the Xience V‐EES over the 
Multi‐Link Vision were consistently maintained over 5 years [56].

The SPIRIT II‐IV trials compared the Xience V‐EES with the 
Taxus paclitaxel‐eluting stent (PES) (Boston Scientific, Natick, MA, 
USA). Early angiographic results from SPIRIT II demonstrated 
superior performance of the XV‐EES compared to the Taxus PES, 
with a 6‐month in‐stent late lumen loss of 0.11 vs. 0.36 mm 
(p <0.0001) [57]. Although 2‐year angiographic and intravascular 
ultrasound (IVUS) outcomes suggested a “late catch up” phenome-
non with the XV‐EES, there was no concomitant increase in adverse 
clinical events [58]. After 5 years, the XV‐EES remained superior to 
the Taxus PES as evidenced by lower cardiac mortality, clinically 
driven TLR, and ischemia‐driven MACE [59]. Interestingly, there 
was a lower incidence of definite or probable stent thrombosis in 
the EES group despite significantly lower dual antiplatelet therapy 
(DAPT) adherence at 5 years.

SPIRIT III showed a similar pattern of early angiographic superi-
ority of the Xience V‐EES over the Taxus PES in terms of 8‐month 

in‐stent late lumen loss (0.16 vs. 0.30 mm; p = 0.002), along with 
significantly lower 1‐year major adverse cardic events (MACE) 
(6.0% vs. 10.3%; p = 0.02) [60]. Superiority of the Xience V‐EES was 
maintained at 5 years, with significantly lower rates of target vessel 
failure (TVF), target lesion failure (TLF), MACE, and all‐cause 
death than the Taxus PES [2].

SPIRIT IV randomized 3690 patients with broad inclusion criteria 
to the Xience V‐EES or the Taxus Express 2 PES (Boston Scientific). 
At 1 year, the EES showed significant reduction in ischemia‐driven 
target lesion revascularization (TLR), TLF, target vessel revasculari-
zation (TVR), TVF, MACE, definite stent thrombosis, and any MI 
compared to the PES [61]. At 3 years, the Xience V‐EES remained 
superior in terms of rates of death, target‐vessel MI, TLF, and definite 
or probable stent thrombosis. Only ischemia‐driven TLR became 
non‐significant, though trended lower, for the EES. These results sug-
gest that the main advantage of the Xience V‐EES is its persistent and 
superior safety rather than efficacy over the Taxus PES [1].

A patient‐pooled meta‐analysis of 4989 patients (EES n = 3350; 
PES n = 1639) in the SPIRIT II, III, and IV randomized trials reaf-
firmed superior outcome with the EES compared with the TAXUS 
PES up to 3‐years follow‐up (as the final follow‐up data for SPIRIT 
IV were collected at 3 years) [1]. This meta‐analysis showed a 
reduction in all‐cause mortality (3.2% vs. 5.1%; p = 0.003) with the 
EES compared with the TAXUS PES. It has been hypothesized that 
reduced rates of repeat revascularization, myocardial infarction, 
and stent thrombosis with the EES have subsequently led to a 
 significant reduction in this hard endpoint.

COMPARE I
The COMPARE I trial examined clinical outcomes in 1800 patients 
undergoing elective or emergent PCI randomized to the Xience V‐
EES or the TaxusLiberte PES (Boston Scientific). Of note, 74% of 
lesions were complex (Type B2/C) and the study population had a 
high acuity, with 27% of all participants presenting with ST‐elevation 
myocardial infarction (STEMI). At 1 year, the Xience V‐EES showed 
significantly lower clinical event rates [62]. After 2 years, the contin-
ued superiority of the Xience V‐EES was driven mainly by decreased 
TVR, MI, and definite or probable stent thrombosis, as the difference 
between stents widened further for these  measures [63].

(a) (b)

Figure 32.6 Cobalt‐chromium everolimus‐eluting stents (CoCr‐EES) apposition and tissue coverage by optical coherence tomography (OCT). 
Intracoronary OCT provides high‐resolution in vivo imaging of the coronary lumen, intimal‐medial vessel structure, and stent struts. (a) Post‐
intervention OCT imaging shows good stent apposition to the vessel wall. (b) The same coronary segment imaged by OCT 6 months later shows 
even tissue coverage without hyperplastic response.
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EXAMINATION
The EXAMINATION trial studied 1498 patients presenting with 
STEMI, randomized to the Xience V‐EES or the Multi‐Link Vision 
(Abbott Vascular) CoCr BMS [64]. The primary endpoint was the 
composite of all‐cause death, any MI, any revascularization at 
1  year, and was specifically chosen to encompass the wide range 
of variables that may account for post‐STEMI outcomes.

Ultimately, while the composite primary endpoint results did not 
show a significant difference between groups, the Xience V‐EES 
significantly reduced TLR, TVR, and definite early stent thrombo-
sis at 1 year [64]. These differences were maintained at 2 years: the 
Xience V‐EES significantly reduced any repeat revascularization 
(TLR 2.9% vs. 5.6%; p = 0.009; TVR 4.8% vs. 7.9%; p = 0.014) and 
definite or probable stent thrombosis compared to BMS (1.3% vs. 
2.8%; p = 0.04). However, overall rates of all cause death, cardiac 
death, and MI remained similar [65].

It is interesting to note that the Xience V’s reduction in definite or 
probable stent thrombosis was driven mainly by lower early ST 
despite nearly 100% DAPT compliance in both groups. It remains 
unclear if this can be attributed to a polymer‐mediated protective 
effect against thrombosis, but may be of particular significance in 
patients presenting with STEMI, where thrombus dissolution can 
lead to late acquired incomplete stent apposition (ISA), uncovered 
struts, and stent thrombosis.

EXCELLENT
The EXCELLENT trial compared clinical and angiographic out-
comes of 1443 patients randomized to the Xience V/Promus EES or 
the Cypher sirolimus‐eluting stent (SES) (Cordis, Miami, Florida) 
over 5 years. The primary endpoint, in‐segment late lumen loss at 
9  months, was similar for both stents (EES 0.11 vs. 0.06 mm, 
p = 0.09), as were all other angiographic and clinical outcome meas-
ures [66]. Long‐term data will be critical in demonstrating any dif-
ferences in the incidence of very late stent thrombosis and other 
measures of clinical safety and efficacy of the Xience V against the 
standard bearer Cypher SES.

EXECUTIVE
While the landmark SYNTAX study demonstrated the role of angio-
graphically determined disease complexity in delineating surgical ver-
sus percutaneous management of patients with multivessel disease 
[67], these studies were based largely on first‐generation DES data.

The EXECUTIVE trial prospectively and retrospectively evalu-
ated outcomes in patients with multivessel disease and low‐to‐
intermediate SYNTAX scores [68]. The prospective arm examined 
200 patients randomly receiving either EES or PES, with a primary 
endpoint of 9‐month in‐stent late lumen loss and secondary end-
point of 12‐month composite all‐cause death, MI, or ischemia‐
driven TVR. The retrospective arm evaluated outcomes from a 
registry of 400 patients who received EES, with a primary endpoint 
of composite all‐cause death, MI, or clinically driven TLR.

For the prospective arm, 9‐month in‐stent late lumen loss results 
showed superiority of the EES over PES (–0.03 vs. 0.23 mm; 
p = 0.001). Comparison of 12‐month clinical outcomes for the pro-
spective and retrospective arms showed that the composite end-
point was reached in 9.2% of the registry patients, 11.1% of EES, 
and 16.5% of PES (p = 0.30). The EXECUTIVE study showed that in 
patients with multivessel disease and low‐to‐intermediate SYNTAX 
scores treated with PCI, EES provides significantly better 9‐month 
angiographic outcomes over PES, but clinical outcomes at 1 year are 
similar.

TWENTE
The TWENTE trial randomized 1391 patients to the Xience V‐EES 
or the Resolute‐ZES (Medtronic, Santa Rosa, CA, USA). Of note, 
the study protocol had limited exclusion criteria, mandated strict 
discontinuation of DAPT at 12 months, and encouraged stent post‐
dilatation. The primary endpoint of TVF at 1 year was similar 
between stents (ZES 8.2% vs. 8.1%; p = 0.94) [69].

At 2 years, the TWENTE trial showed overall similar clinical 
results between stents in patients with complex lesions and off‐label 
indications [70]. Despite lower clinically driven TLR with the 
Xience V‐EES, this did not translate to higher rates of TLF or car-
diac death in the Resolute‐ZES group (TLF: ZES 10.8% vs. 11.6%; 
p = 0.65; cardiac death: ZES 1.6% vs. 2.7%; p = 0.14). Similiarly, the 
incidence of late stent thrombosis was similar (ZES 1.2% vs. 1.4%; 
p = 0.65), as was the rate of very late stent thrombosis (VLST; ZES 
0.3% vs. 0.3%; p = 1.00) after discontinuation of thienopyridine. Of 
the four patients with VLST, there was no clear temporal associa-
tion between discontinuation of DAPT and thrombosis.

Most interesting is that while DAPT adherence at 2 years was 
extremely low as a result of protocol mandate (much lower than 
other comparable trials, such as Leaders, Resolute AC, Compare, 
Spirit IV), the rate of very late stent thrombosis was similar to these 
studies. These observations have raised significant questions 
regarding the optimal duration of DAPT.

Second‐generation DES and dual‐antiplatelet therapy
The excellent overall hemocompatibility of the CoCr stents has led 
to preliminary observations that early discontinuation of standard 
12‐month duration of DAPT may not increase the rate of late stent 
thrombosis in low‐risk patients [71–74]. Several meta‐analyses fur-
ther suggest that longer durations of DAPT do not reduce adverse 
cardiovascular event rates but significantly increase the risk of 
bleeding [75,76].

A substudy of the EXCELLENT trial, which evaluated 1443 
patients with EES or SES, further randomized these patients to 6 or 12 
months of DAPT [71]. At 12 months, the primary endpoint of TVF 
was 4.8% for 6‐month DAPT versus 4.3% for 12‐month DAPT 
(p = 0.001 for non‐inferiority). The risk of TVF was non‐significantly 
higher in patients with SES in the 6‐month group compared to 12 
months, but there was no difference in the EES groups. Additionally, 
while there was a non‐significantly increased rate of stent thrombosis 
in the 6‐month group, five out of six events occurred while still on 
DAPT. Interestingly, subgroup analysis showed that diabetic patients 
in the 6‐month group had higher TVF than the 12‐month group, 
suggesting that a longer duration of DAPT could be beneficial in dia-
betic and other high‐risk patients.

One‐year results from the Xience V USA Registry of over 8000 
real‐world patients suggest that whereas DAPT discontinuation 
prior to 30 days post‐PCI is a strong, independent predictor of stent 
thrombosis (HR 8.63; p = 0.008), discontinuation after 30 days is 
not a risk factor for late stent thrombosis at 1 year [77]. Pooled anal-
ysis of the RESOLUTE trials reported similar findings with the 
Resolute ZES, showing that the 1‐year stent thrombosis rate in 
patients who interrupted DAPT prior to 30 days was 3.61%, com-
pared to 0.11% in patients who interrupted DAPT after 30 days 
[78]. Both of these studies show that regardless of DAPT status, 
most stent thrombosis occurred within 30 days, suggesting that 
other factors likely contribute to early stent thrombosis.

While these results are not definitive and no conclusive recom-
mendations have been made pending ongoing studies, they highlight 
the clinical relevance of hemocompatibility of all stent components.
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CoCr‐EES in specific lesion subsets
Bifurcation lesions
PCI of true bifurcation lesions is regarded as technically challeng-
ing and many studies have compared an initial one‐stent or a dedi-
cated two‐stent strategy in this lesion subset. A single‐center 
observational study of 319 patients undergoing true bifurcation 
PCI with CoCr‐EES reported superior angiographic outcomes and 
comparable clinical outcomes with a two‐stent strategy compared 
with a one‐stent strategy [79]. Acute gain was improved with a two‐
stent strategy (0.65 ± 0.41 vs. 1.11 ± 0.47 mm; p >0.0001) and at 1‐
year clinical follow‐up rates of target vessel revascularization 
(two‐stent 5.8% vs. one‐stent 7.4%; p = 0.31), myocardial infarction 
(two‐stent 7.8% vs. one‐stent 12.2%; p = 0.31), and major adverse 
cardiovascular events (two‐stent 16.6% vs. one‐stent 21.8%; 
p = 0.21) were non‐significantly lower with a two‐stent strategy. 
A similar study by the same investigators including only diabetic 
patients showed qualitatively similar results [80]. These studies 
 suggest that the CoCr‐EES may be well‐suited for a dedicated two‐
stent approach in true bifurcation lesions.

In‐stent restenosis
The performance of the CoCr‐EES in in‐stent restenosis lesions (ISR) 
was evaluated in the XIENCE V USA prospective multicenter registry 
[81]. A total of 383 out of 5215 patients underwent PCI of ISR lesions 
(7.4%). At 1 year, target lesion failure occurred in 10.9% of patients, 
MI in 2.2%, TLR in 10.3%, and cardiac death in 1.4% of patients. This 
study showed that the treatment of ISR with CoCr‐EES is sage and 
efficacious at 1 year follow‐up. However, rates of adverse events were 
significantly higher than patients who underwent PCI of non‐ISR 
lesions. The use of CoCr‐EES for ISR lesions was compared with 
paclitaxel‐eluting balloons, balloon angioplasty, PES, and SES in a 
network meta‐analysis of seven randomized trials [82]. This Bayesian 
meta‐analysis showed that paclitaxel‐eluting balloons and Co‐Cr EES 
had the highest probabilities for being the best treatment option.

Small vessels and long lesions
A patient‐pooled meta‐analysis using data from 6283 patients 
included in the SPIRIT II, III, IV, and COMPARE randomized con-
trolled trials (EES n = 3944; PES n = 2239) showed that patients with 
long lesions (>13.4 mm) in small vessels (<2.65 mm) have the  lowest 
rates of adverse events [83]. This study showed that the CoCr‐EES 
as compared with the PES resulted in significantly improved 
 outcomes in patients with long lesions and/or small vessels, and 
non‐significantly improved outcomes in patients with short lesions 
in large vessels.

Multivessel disease
The recently published Randomized Comparison of Coronary 
Artery Bypass Surgery and Everolimus‐Eluting Stent 
Implantation in the Treatment of Patients with Multivessel 
Coronary Artery Disease (BEST) trial included a total of 880 
patients with multivessel coronary artery disease who were ran-
domly assigned to PCI with EES or CABG [84]. Patients with left 
main coronary artery disease were excluded. At a median follow‐
up of 4.6 years, there were no significant differences in terms of 
death or myocardial infarction between both groups. There was, 
however, an increased rate of repeat revascularization, because 
of a significantly higher rate of non‐target lesion revasculariza-
tion in the PCI group. This study suggests that PCI with CoCr 
EES may be an alternative to CABG surgery in anatomically 
complex multivessel disease.

Conclusions
The CoCr‐EES have repeatedly and consistently demonstrated 
safety, efficacy, and deliverability compared to earlier stainless 
steel bare metal and first‐generation DES. Their clinical success 
can be attributed to improvements in each of the three design ele-
ments of DES: the platform, polymer, and drug. The detailed 
mechanistic exploration of these improvements lends insight into 
factors that will continue to be important in stent design and opti-
mizing clinical outcomes. In particular, what has emerged is the 
absolute importance of vascular endothelial integrity and 
function.

The CoCr‐EES are now the standard comparator for new stents 
and scaffolds, but regardless of their excellent safety and efficacy, 
the permanent nature of these devices remains their lasting pitfall 
as persistent sources of endothelial injury. It is expected that ongo-
ing advances in stent design will continue to shift the paradigm 
toward bioabsorbable materials that better maintain endothelial 
integrity and natural vasomotor function over time.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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The critical role of intravascular injury in thrombosis has been well 
understood for over a century [1]. The advent of coronary interven
tion further underscored the potentially catastrophic consequences 
of vessel injury, namely stent thrombosis and restenosis. Inter
ventional practice has evolved in the face of these clinical pressures 
and as a result, stent thrombosis and restenosis have become 
increasingly rare. Along with dual antiplatelet therapy and refined 
stent deployment technique, advances in stent design have revolu
tionized the treatment of ischemic heart disease.

With the goal of reducing vessel injury, the conventional approach 
to stent design has prioritized flexibility and conformability to the 
vessel wall. This strategy has contributed to several immensely suc
cessful devices, among them the platinum‐chromium everolimus‐
eluting stents. From alloy composition to polymer and drug 
biocompatibility, the platinum‐chromium stents have benefited 
from deeply considered design. These stents have capitalized upon 
the strengths of the platinum‐chromium alloy along with the dem
onstrated safety and efficacy of the everolimus‐fluorinated polymer 
combination. A more recent variant utilizing a fully biodegradable 
drug‐eluting polymer has also shown promising results [2].

The second‐generation drug‐eluting stents have undoubtedly 
reduced vessel injury and resulted in excellent clinical outcomes 
[3,4]. There are concerns, however, that the design elements con
tributing to high flexibility have also increased risk for mechanical 
compromise [5,6]. While the clinical significance remains inconclu
sive, the observations of longitudinal stent deformation with newer 
platforms have renewed the understanding that stent design and 
performance are, in essence, a study of compromise and balance.

This chapter begins with a brief discussion of the platinum‐ 
chromium alloy and then examines the role of stent architecture in 
the risk for longitudinal deformation. We present technical aspects 
of the platinum‐chromium everolimus‐eluting stents and several 
landmark trials evaluating their clinical performance.

Material properties and biomechanics 
of the platinum‐chromium alloy
As with cobalt‐chromium (CoCr) alloys, development of the plati
num‐chromium (PtCr) alloy was driven by the clinical need for 
stronger and denser materials than stainless steel. These materials 

allow fabrication of thinner stent struts, which have repeatedly been 
shown to improve clinical restenosis outcomes [7].

In searching for new stent alloys, extensive analysis identified 
platinum as an ideal material partly because it is very soluble in 
stainless steel in the austenitic phase. That is, unlike many other 
materials, platinum stabilizes the iron‐chromium matrix in a way 
that allows the further addition of platinum without development 
of brittle or magnetic phases [8]. Further testing of the PtCr alloy 
showed that 33% platinum content provided optimum characteris
tics for both ease of fabrication and stent biomechanics [9,10].

The success of the PtCr alloy derives, in part, from the fact that 
platinum largely replaces iron and nickel while maintaining ade
quate levels of chromium and molybdenum (Table 33.1). Certain 
elements such as chromium and molybdenum stabilize natural 
defects in the alloy’s crystal structure through mechanisms such as 
solid‐solution strengthening, grain refinement, and development of 
extremely strong metal carbides. Upon detailed analysis, PtCr alloy 
demonstrates a face centered cubic arrangement of atoms, fine 
grain crystals, and chromium carbides [8,10]. These characteristics 
contribute to high mechanical strength and fatigue resistance.

PtCr is significantly denser than stainless steel and the CoCr 
alloys, but its elastic modulus and tensile strength lie between the 
two. These properties have translated to the ability to fabricate thin 
struts (<100 µm) while maintaining necessary strength and radio‐
opacity. Additionally, compared with CoCr alloys, lower elastic 
modulus has contributed to less stent recoil [11,12]. In essence, 
materials with a high elastic modulus require a higher degree of 
deforming force to overcome the elastic limit in order to induce 
permanent deformation. Because CoCr alloys have a high elastic 
modulus, CoCr stents are theoretically at higher risk of recoil than 
PtCr and stainless steel stents given the same expanding force 
(Table  33.2). While this has been supported experimentally, 
 however, the clinical relevance of this difference is unclear [12].

Biocompatibility: surface characteristics 
and resistance to corrosion
Stent corrosion and metal ion release into vascular tissues are 
increasingly viewed as contributors to vascular inflammation and 
perhaps even thrombosis [1,13,14]. In addition to mechanical 
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integrity of the stent platform, resistance to corrosion is primarily 
due to the formation of metal oxides at the stent surface. Certain 
surface oxides can act as a passive film reducing corrosion and 
metal ion release; chromium oxide is particularly resistant to corro
sion [15]. Experimental data show that PtCr alloy preferentially 
forms chromium oxide over less effective iron and nickel oxides, 
likely because platinum has replaced these elements in the 
alloy [10,15].

In addition to corrosion resistance, biomaterial characteristics 
such as surface energy, potential, and texture are postulated to 
have a role in the propensity to induce thrombosis and inflamma
tion. The precise molecular mechanisms of thrombosis and 
inflammation are outside the scope of the current discussion, but 
the process can be roughly conceptualized as a balance between 
thermodynamic, kinetic, and electrochemical factors that favor 
protein and cell deposition ultimately leading to coagulation and 
inflammation [16–26]. This balance is affected by the total energy 
of the system conscribed by the stent, vessel, and blood compo
nents [18,19].

Briefly, almost immediately upon device exposure to blood, a 
thin layer of protein and water are adsorbed onto the device sur
face. The deposited proteins undergo varying degrees of conforma
tional change and denaturation depending on the surface 
characteristics of the device. The induced protein conformational 
changes expose different molecular binding domains that have 
varying affinity for other blood proteins. Protein adsorption and 
conformational changes that result in endothelial cell adhesion can 
protect against thrombosis and improve vascular healing. In con
trast, protein adsorption and conformational changes that lead to 

platelet activation and leukocyte adhesion ultimately predispose to 
thrombosis and inflammation [27].

Generally, blood‐contacting materials with more stable surfaces 
tend to be less thrombogenic and inflammatory [24,28]. As a noble 
metal, the inert nature of platinum is also thought to contribute to 
the surface stability and biocompatibility of the PtCr stents [8,10]. 
Experimental observations show that platinum is present in rela
tively high quantities at the surface of PtCr stents [8,10]. Further 
biocompatibility studies demonstrate high rates of endothelial cell 
coverage and low rates of fibrin and platelet adhesion to PtCr stents 
[10,28–30]. Most recently, the OMEGA trial of the PtCr bare metal 
stent showed low rates of clinical restenosis and stent thrombosis 
(target lesion failure in 11.5% at 9 months, stent thrombosis in 0.6% 
at 12 months) [31], demonstrating in vivo biocompatibility compa
rable to or better than previous stainless steel and CoCr bare metal 
stents [32,33].

Longitudinal stent deformation 
and the role of stent architecture
Longitudinal stent deformation (LSD) refers to the elongation or 
shortening of a stent after deployment. Several mechanisms of LSD 
have been proposed, and most cases result from impingement of 
guidewires and secondary devices, or traction by deflated balloons 
caught on stent struts [34,35]. In other words, LSD is typically caused 
by the application of an external force resulting in mechanical distor
tion rather than spontaneous stent deformation. The majority occurs 
in the proximal region of stents [34]. Other risk factors associated 
with LSD include calcified and tortuous arteries, left main stenting, 
bifurcation stenting, small vessel diameter, longer lesions, and more 
stents, as these factors presumably increase the chance of guidewire 
impingement or balloon traction [36,37].

LSD appears to be extremely rare, having been discovered in less 
than 1% of deployed stents [35,37–41]. Given the rarity of LSD, the 
true incidence and clinical significance remain unclear. Whereas 
some studies have associated LSD with a higher risk of adverse 
events such as in‐stent restenosis and stent thrombosis [34,42], 
other studies have found no correlation [35,40]. Similarly, some 
studies suggest that the PtCr stents are most commonly affected 
[35,38,40,41], but others show no particular susceptibility [39,43,44]. 
Several significant confounding biases have been proposed, most 
notably observer bias due to operators’ heightened sensitivity to this 
complication, and detection bias due to the increased radio‐opacity 
of platinum resulting in increased detection rates with these stents 
[34,38]. Nevertheless, a number of bench studies conducted thus far 
have elucidated factors in stent design that predispose the PtCr 
stents to longitudinal compromise [5,6,38,45].

In examining design factors contributing to LSD, it is worth 
 considering the Promus Element (Boston Scientific, Natick, MA, 
USA), an early PtCr stent featuring 81 µm struts and an offset peak‐
to‐ valley serpentine ring design. Widened peaks were designed to 
redistribute intra‐stent forces to improve radial strength and longitu
dinal flexibility [11]. Adjacent rings were joined by two short 
 longitudinal connectors angled at approximately ~45° from the 
 longitudinal axis. These connectors together formed a secondary 
double helix structure along the length of the stent, purported to add 
another element of longitudinal flexibility (Figure 33.1).

Susceptibility to LSD is primarily because of the number of 
 connectors between rings and the arrangement of rings. Bench tests 
suggest that stents with three or more longitudinal connectors per 

Table 33.1 Composition of platinum‐chromium (PtCr) compared 
with stainless steel and cobalt‐chromium (CoCr) alloys.

Alloy

Element composition (%)

Pt Fe Co Cr Ni W Mo Mn

PtCr 33 37 – 18 9 – 2.6 0.05

SS (316 L) – 64 – 18 14 – 2.6 2

CoCr (MP35N) – 1 35 20 35 – 10 0.15

CoCr (L605) – 3 52 20 10 15 – 1.5

Table 33.2 Mechanical properties of PtCr compared with stainless 
steel and CoCr alloys.

Material
Density 
(g/cm3)

UTS 
(MPa)

Yield 
strength 
(MPa)

Elastic 
modulus 
(GPa)

PtCr 9.9 834 480 203

316 L 7.9 670 340 193

MP35N 8.4 930 414 233

L605 9.1 1000 500 243

UTS, ultimate tensile strength.
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ring are less susceptible to deformation than those with two connec
tors [5,6,45]. This makes sense as the connectors help maintain a 
 constant distance between adjacent rings. Additionally, the align
ment of the Element’s connectors have made these stents particularly 
 susceptible to torque exerted by guidewire impingement. Because 
the connectors were angled at ~45° from the longitudinal axis, 
applied force is redirected to the joint between the connector and 
ring thereby increasing susceptibility to compression [5,37].

The arrangement of rings also contributes to longitudinal integrity. 
In‐phase or offset ring patterns easily nest together upon bending or 
compression, clearly increasing flexibility but also the risk of deforma
tion [45]. In stents with an out‐of‐phase ring pattern, the peak‐to‐peak 
arrangement of struts acts like surrogate longitudinal connectors or 
welded points; that is, with a longitudinal compressive force the rings 
do not nest together and instead, the peaks abut against each another, 
reducing susceptibility to both diffuse and point compression.

While bench testing has elucidated important stent design factors 
and potential mechanisms of LSD, the clinical applicability of these 
results is still debatable. Furthermore, it still remains unclear whether 
the early PtCr stent platforms were definitively prone to longitudinal 
deformation. Regardless, documented observations of mechanical 
compromise have underscored the role of stent architecture in bio
mechanical performance. Minor design changes to the Promus 
Element that followed seem to have improved the longitudinal integ
rity of the PtCr stents [5], and large‐scale trials suggest that these 
stents are, at the very least, non‐inferior to the cobalt‐chromium 
based stents [3,4,35,40].

Promus Element and Premier EES
Platform
As previously described, the Promus Element (Boston Scientific, Natick, 
MA, USA) is based on the Omega bare metal PtCr platform, which 
 features 81–86 µm struts (81 µm for 2.25–3.5 mm diameter and 86 µm 
for 4.0 mm diameter) and serpentine rings with two short longitudinal 
connectors per ring. These connectors are angled at approximately 45° 
relative to the longitudinal axis of the stent. The Element Plus is identi
cal except for an updated balloon catheter delivery system.

In response to concerns about longitudinal stent deformation, 
the Omega platform was modified and renamed the Rebel. This 
updated platform now has four connectors between the first and 
last two rings (Figure 33.2) and serves as the basis for the Promus 
Premier (Boston Scientific).

Polymer
The Promus Element and Premier stents have a biocompatible, durable 
polymer consisting of a poly n‐butyl methylacrylate (PMBA) primer 
and polyvinylidene fluoride‐hexafluoropropylene (PVDF‐HFP)‐
everolimus drug‐eluting layer identical to the Xience V CoCr‐EES 
(Abbott Vascular, Santa Clara, CA, USA). The total thickness of the 
polymer layer is approximately 7 µm. The biocompatibility and clinical 
performance of this drug‐polymer combination has been demon
strated by numerous studies [46–50].

In brief, the excellent performance of this durable polymer lies in its 
completely saturated, partially fluorinated carbon‐carbon  backbone 
structure which results in a highly stable drug‐eluting polymer resistant 
to oxidative breakdown and inflammatory response. The PVDF‐HFP 
chemical structure also confers a high degree of surface stability, which 
may contribute to thromboresistance [24,51–53]. Lastly, the high flexi
bility of PVDF‐HFP at body temperature (glass transition temperature 
for polymers) improves its resistance to peeling and cracking over the 
long term, further enhancing its durability and biocompatibility.

Drug
Everolimus is a partially synthetic analogue of sirolimus (rapamycin), 
a naturally occurring compound. These drugs function by binding 
FK‐506 binding protein‐12 (FKBP12) and inhibiting the mammalian 
target of rapamycin (MToR), causing cytostatic G1‐phase cell cycle 

Figure 33.1 Promus Element stent. Image provided courtesy of 
Boston Scientific. © 2016 Boston Scientific Corporation or its affiliates. 
All rights reserved.

Figure 33.2 Promus Premier stent. Image provided courtesy of Boston 
Scientific. © 2016 Boston Scientific Corporation or its affiliates. All 
rights reserved.
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arrest. Some evidence suggests that everolimus can also selectively 
clear macrophages from atheromas, theoretically stabilizing vulnera
ble plaques [54].

Everolimus is more lipophilic than sirolimus, which increases 
local vascular uptake particularly into lipid‐rich atheroma, and 
 lowers systemic distribution. This has allowed the EES to contain a 
lower concentration of drug (100 µg/cm2). The polymer‐drug 
 formulation of the PtCr‐EES results in approximately 30% drug 
release within the first 24 hours after implantation, leading to 80% 
release by 30 days and complete elution by 120 days.

Clinical trials
PLATINUM QCA
In PLATINUM QCA, 100 patients with a single de novo lesion 
treated with a single PtCr‐EES stent had 30‐day follow‐up for clini
cal events, and later underwent repeat angiography and intravas
cular ultrasound (IVUS) at 9 months to evaluate in‐stent late 
lumen loss (Table 33.3) [55]. The primary endpoint, 30‐day com
posite of cardiac death, myocardial infarction (MI), target lesion 
revascularization (TLR), or ARC‐defined definite or probable 
stent thrombosis, was 1.0% due to a single case of peri‐procedural 
stent thrombosis. Coronary angiography at 9 months demon
strated an overall in‐stent late lumen loss of 0.20 ± 0.28 mm, com
parable to historical data for the CoCr‐EES from SPIRIT I, II, and 
III [50,56,57]. Post‐procedure IVUS imaging further demonstrated 
a low rate of acute incomplete stent apposition (ISA; 5.7% for PtCr‐
EES vs. 34.4% for CoCr‐EES in SPIRIT III) and no persistent or 
late acquired ISA at 9 months (vs. 25.6% for CoCr‐EES in SPIRIT 
III at 8 months) [55,57].

PLATINUM
The PLATINUM trial randomized 1530 patients to either the PtCr‐
EES or CoCr‐EES [58]. The primary endpoint, target lesion failure 
(TLF) at 12 months, demonstrated no significant difference 
between the stents (PtCr‐EES 3.4% vs. CoCr‐EES 2.9%; pnon‐inferior

ity = 0.001, psuperiority = 0.60). Intention‐to‐treat analysis further dem
onstrated no significant differences in 12‐month rates of TLF (3.5% 
vs. 3.2%; p = 0.72), cardiac death or MI (2.0% vs. 2.5%; p = 0.56), 
TLR (1.9% vs. 1.9%; p = 0.96), or ARC‐defined definite or probable 
stent thrombosis (0.4% vs. 0.4%; p = 1.00) [58].

Three‐year results of the PLATINUM study demonstrated 
comparable clinical outcomes between the PtCr‐EES and CoCr‐
EES, with similar rates of all‐cause death (PtCr‐EES 3.7% vs. 
CoCr‐EES 4.3%; p = 0.62), cardiac death (1.2% vs. 1.9%; p = 0.27), 
MI (2.3% vs. 2.5%; p = 0.81), ischemia‐driven TLR (3.5% vs. 4.9%; 
p = 0.21), and ARC‐defined definite or probable ST (0.7% vs. 
0.5%; p = 0.76) [59].

As an early pivotal trial, the PLATINUM study necessarily 
excluded complex patients, which may explain the low overall rates 
of clinical events compared with earlier studies of the CoCr‐EES 
[60–62]. Nonetheless, this trial has demonstrated the clinical safety 
and efficacy of the PtCr‐EES through at least 3 years.

PLATINUM Small Vessel and Long Lesions
More complex lesions were evaluated in the PLATINUM Small 
Vessel and Long Lesion trial [63]. The small vessel arm included 94 
patients receiving a single 2.25 mm‐diameter Promus Element stent 
for lesions in vessels with a reference diameter of 2.25–2.5 mm. At 1 
year, the rate of TLR was 2.4%, considerably lower than historical 
data for small caliber Taxus Element (7.3%), BioMatrix Flex (9.6%), 

and Xience V (5.1%) stents [64–66]. The rate of TLR continues to 
remain low through at least 2 years (2.5%), and preliminary 4‐year 
data show a TLR of 3.6% [63,67].

Similarly, the PLATINUM long lesion arm evaluated 102 patients 
receiving a 38 mm stent for lesions 24–34 mm in length [63]. In this 
group the 1‐year rate of TLR was 3.1%, similar to historical data for 
the Cypher (Cordis/Johnson & Johnson, Warren, NJ, USA) siroli
mus‐eluting stent (2.4%) and lower than for the Taxus Express 
(7.2%) and BioMatrix Flex (12.4%) [68,69]. At 2 years, TLR is 5.2% 
and preliminary 3‐year results show a TLR rate of 6.2% [63,67]. 
Collectively, these findings demonstrate the long‐term clinical 
safety and efficacy of the PtCr‐EES in patients with long lesions and 
small vessel disease.

DUTCH PEERS
The DUTCH PEERS trial evaluated 1811 patients randomized 
1  : 1 to the Resolute Integrity (Medtronic) CoCr zotarolimus‐
eluting stent or the Promus Element [40]. This study was 
 particularly noteworthy for its minimal exclusion criteria and 
complex patient population: 20% of subjects presented with ST‐
elevation MI, 25% presented with non‐ST‐elevation MI, and 66% 
of lesions were complex (type B2/C). The primary endpoint of 
target‐vessel failure at 1 year demonstrated no significant differ
ence between stents (ZES 6% vs. EES 5%; pnon‐inferiority = 0.006). 
Similarly, there was no significant difference in the rate of defi
nite ST (ZES 0.3% ves. EES 0.7%; p = 0.34), and no ST occurred 
beyond 3 months [40].

In DUTCH PEERS, operators reported suspicion for longitudi
nal deformation based on visualization during angiography. Further 
evaluation of these selected cases showed that while LSD occurred 
in none of the Resolute Integrity stents and in 0.6% (9/1591) of 
Promus Element stents (p = 0.002), none of these cases of LSD were 
associated with adverse clinical events [40]. A systematic analysis of 
LSD was not undertaken in DUTCH PEERS, and several biases 
such as the higher radio‐opacity of platinum stents preclude any 
conclusions about the risk of LSD with the Promus Element in this 
study.

HOST‐ASSURE
The HOST‐ASSURE trial randomized 3755 South Korean patients 
2 : 1 to the Promus Element PtCr‐EES or the Resolute (Medtronic) 
CoCr‐ZES, respectively, with minimal exclusion criteria [35]. The 
primary endpoint, TLF at 1 year, was reached in 2.9% of PtCr‐EES 
and 2.9% of CoCr‐ZES patients (pnon‐inferiority = 0.0247). The rate of 
definite or probable stent thrombosis at 1 year was low and showed 
no significant difference between stents (PtCr‐EES 0.36% vs. CoCr‐
ZES 0.67%; p = 0.229). A systematic study of angiograms demon
strated a 0.21% incidence of LSD with PtCr‐EES (7/2491 studies) 
whereas no LSD was observed with CoCr‐ZES. Similar to other 
studies, however, these cases of LSD were not associated with 
adverse events at 1 year [35].

SCAAR
Analysis of clinical outcomes from the Swedish Coronary 
Angiography and Angioplasty Registry (SCAAR) has demonstrated 
the clinical safety and efficacy of the Promus Element stent in a 
large and unselected population [70]. This study compared the rates 
of restenosis and definite stent thrombosis among 13,577 first and 
second‐generation DES implanted in 8375 procedures. At 1 year, 
the rates of restenosis and definite stent thrombosis were not 
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significantly different between the Promus Element and all other 
DES (restenosis, PtCr‐EES 2.8% vs. 2.7%; stent thrombosis, PtCr‐
EES 0.2% vs. 0.5%). When compared with individual stents, how
ever, the Promus Element showed significantly lower rates of 
restenosis and stent thrombosis than the Endeavor (Medtronic) 
ZES. Although LSD was not evaluated in this study, if it did occur 
with the Promus Element, it did not appear to significantly influ
ence clinical events at 1 year [70].

Synergy EES
Platform
The platform of the Synergy (Boston Scientific) PtCr‐EES has 
74–81 µm struts (74 µm for 2.25–3.5 mm and 81 µm for 4.0 mm). 
The overall architecture of this stent is similar to the Rebel BMS, 
namely featuring an offset peak‐to‐valley ring arrangement, two 
short, angled longitudinal connectors in the body of the stent, and 
four connectors at the proximal and distal ends. Aside from thin
ner struts, the main alterations include reduced peak radius and 
less angled connectors, which collectively improve longitudinal 
strength.

Polymer
The Synergy employs a fully biodegradable poly‐DL‐lactide‐cogly
colide (PLGA) polymer applied to the abluminal surface of the stent 
with a maximum thickness of 4 µm. Compared with the Element 
and Premier stents, this formulation results in a greater than 50% 
reduction in the total weight of polymer used [11]. Spontaneous 
hydrolysis of the ester bonds of PLGA results in complete degrada
tion to CO2 and water by 4 months after implantation, leaving a 
bare metal stent in place.

Drug
Everolimus has demonstrated excellent safety and efficacy in its for
mulation for coronary stents. Combination with the PLGA poly
mer, however, results in a slightly different drug release profile than 
previous EES. The co‐formulation of PLGA‐everolimus used in the 
Synergy stent results in a burst of drug release in the first 7 days, 
leading to approximately 50% release in 30 days, 80% by 60 days, 
and nearly complete release by 90 days. Because of its lipophilic 
properties, everolimus is preferentially taken up by local vascular 
tissues and continues to be released from this tissue reservoir 
through 120 days post‐implantation. In vivo porcine studies 
 demonstrate that the Synergy‐EES elicits vascular tissue responses 
similar to the Xience V and Promus Element, and is completely 
endothelialized by 30 days [30,71].

Clinical trials
EVOLVE I
The EVOLVE I first‐in‐human trial examined the early safety and 
efficacy of full‐dose and half‐dose Synergy EES compared to the 
benchmark durable polymer Promus Element (Table 33.4). In this 
trial 291 patients were randomised 1 : 1 : 1 to the Promus Element, 
Synergy, or Synergy reduced‐dose stents and were subsequently 
followed for 30‐day clinical events and 6‐month angiographic 
measures [2]. The primary clinical endpoint was 30‐day TLF, 
which occurred in 0, 1.1%, and 3.1% of patients in the Promus 
Element, Synergy, and Synergy half‐dose, respectively; the rate of 

TLF at 6 months was 3.1%, 2.2%, and 4.1%, respectively. The 
 primary angiographic endpoint of 6‐month in‐stent late lumen 
loss demonstrated non‐inferiority of both Synergy stents com
pared to the Promus Element (Promus Element: 0.15 ± 0.34 mm; 
Synergy: 0.10 ± 0.25 mm (pnoninferiority <0.001), Synergy half‐dose: 
0.13 ± 0.26 mm (pnoninferiority <0.001). These findings remained con
sistent even after adjustment for small but statistically significant 
differences in baseline reference vessel diameter. While the study 
was underpowered to detect significant differences in clinical out
comes, the overall the rate of clinical events remained low and 
similar between all three stents, with no cases of stent thrombosis 
over 6 months [2].

EVOLVE II
EVOLVE II randomized 1684 patients 1 : 1 to the Synergy or 
Promus Element Plus stents for treatment of stable CAD or 
NSTEMI [72]. Other inclusion criteria included ≤3 lesions in ≤2 
vessels, lesions ≤34 mm in length and RVD 2.25–4 mm. Major 
exclusion criteria included STEMI, left main disease, chronic total 
occlusion, graft occlusion, and in‐stent restenosis. The primary 
endpoint, 12‐month TLF, was reached in 6.7% of Synergy patients 
versus 6.5% of the Promus Element Plus patients (p = 0.83, p noninferiority  
= 0.0005). Similarly, no significant differences were observed for 
clinically indicated TLR (2.6% vs. 1.7%; p = 0.21) or definite or 
probable stent thrombosis (0.4% vs. 0.6%; p = 0.50) [72]. Overall, 
this study demonstrated that the Synergy stent is non‐inferior to the 
Promus Element Plus for TLF at 1 year; other clinical measures 
show similar safety and efficacy between the stents in relatively 
uncomplicated disease. The EVOLVE II pharmacokinetic and dia
betes substudies are ongoing.

BIO‐RESORT TwENTE
BIORESORT TWENTE is an ongoing trial evaluating 3540 
patients with minimal exclusion criteria. Patients are randomized 
1 : 1 : 1 to the Synergy, Orsiro (Biotronik) thin‐strut CoCr platform 
with degradable sirolimus‐eluting PLLA polymer, and Resolute 
Integrity (Medtronic) CoCr platform with durable zotarolimus‐
eluting polymer [73].

Conclusions
Because of their deeply considered design, the platinum‐ chromium 
EES have demonstrated excellent overall safety and efficacy since 
their introduction. While the early Promus Element was hampered 
by concern over longitudinal deformation, larger studies suggest 
that this complication remains extremely rare and does not appear 
to be systematically associated with significant adverse clinical 
events. The subsequently redesigned Promus Premier has largely 
mitigated the risk for longitudinal compromise, and long‐term 
clinical outcomes demonstrate continued safety and efficacy of 
these stents. Along with the CoCr‐EES, these stents have taken 
their place as standard comparators against which new stents must 
be proven. Finally, the recent biodegradable polymer Synergy‐EES 
has shown clinical outcomes comparable to the benchmark DES in 
early pivotal studies. Larger, longer‐term studies in more complex 
patients are ongoing. Given the novelty and promise of fully 
 biodegradable drug‐eluting polymers, these results are awaited 
with anticipation.
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Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Metallic stents represent one of the most important steps for the 
treatment of coronary artery disease (CAD) and the second revolu
tion in interventional cardiology after the introduction of plain old 
balloon angioplasty (POBA) by Gruntzig [1–3]. The long search for 
the ideal stent made some improvements along the way, sometimes 
by taking two steps forward and one step back, but today the ques
tion whether the ideal stent exists is still open.

The biodegradable vascular scaffold (BVS) technology represents 
one of the most interesting developments in the field of interven
tional cardiology in recent years, because in theory BVS yield the 
same results as metal stents but, by being completely resorbable 
in time, also carrying the exciting possibility of complete anatomic 
and functional “vascular restoration.” This phenomenon is a con
tinuous process with three main phases: revascularization, reab
sorption of the device, and restoration of vessel integrity and 
function [4]. Key steps in the biodegradable stent revolution, 
including the first‐in‐man results of magnesium [5,6] and poly‐L‐
lactide (PLLA) stents [7,8], have been reported and future clinical 
trials will test whether “vascular restoration therapy” could provide 
greater durability of results following percutaneous coronary inter
vention (PCI). A growing number of studies is being published on 
this topic, and a large number of devices are being tested on humans.

The ABSORB BVS (Abbott Vascular, Santa Clara, CA, USA) is 
the most used biodegradable stent on the market, with more than 
100,000 devices implanted in patients all over the world. However, 
only one randomized trial is available, the ABSORB II randomized 
controlled trial, which compared the ABSORB BVS with the Xience 
drug‐eluting stent (DES) at 1 year [9].

ABSORB bioresorbable vascular scaffold
The device
The ABSORB BVS is constituted by a PLLA backbone covered by a 
1 : 1 mixture of an amorphous matrix of poly‐D, L‐lactide (PDLLA) 
and the antiproliferative drug everolimus (100 μL/cm2). PLLA is a 
semi‐crystalline polymer consisting of crystal lamella (regions with 
high concentrations of polymer with crystalline structure) inter
connected with random polymer chains forming an amorphous 
segment [10]. The first version of this scaffold (1.0), used in the 
ABSORB Cohort A study, had a crossing profile of 1.4 mm, strut 
thickness of 150 µm, and consisted of out‐of‐phase zigzag hoops 

linked together by thin and straight bridges. This device had to be 
kept refrigerated at –20°C to ensure device integrity. The second 
generation (1.1), tested in Cohort B, can be stored at room tempera
ture, has the same strut thickness but in‐phase zigzag hoops linked 
by bridges (Figure 34.1) [11]. Also, the polymer has a lower hydrol
ysis (in vivo degradation) rate in order to improve the radial force of 
the device.

Several studies have reported similar performances with the 
Absorb 1.1 and the everolimus‐eluting metallic stent in terms of 
acute gain and late lumen loss (LLL) [12]. Also, non‐significant 
 differences were recently found for acute absolute recoil when com
paring Absorb BVS with Xience (0.20 ± 0.21 and 0.13 ± 0.21 mm, 
respectively; p = 0.32), implying that both devices have similar 
radial strength [13]. Importantly, the higher conformability and 
flexibility shown by Absorb BVS contribute to less change in vessel 
geometry and curvature; these properties could finally restore a 
healthy balance between the shear stress and cyclic strain interplay, 
possibly resulting in restoration of vasomotor tone, late luminal 
enlargement with late expansive remodeling, and vessel compliance 
restoration [14–16].

The reabsorption process
The main chemical process responsible for in vivo molecular 
weight degradation of BVS is hydrolysis. The amorphous regions 
binding the crystallites are less packed and therefore water can 
penetrate more easily and start the process. The whole process of 
hydrolysis has five stages: hydration, depolymerization by hydroly
sis (reduction of molecular weight), loss of mass (with scission of 
amorphous tie chains and subsequent loss of radial strength), 
 dissolution of the monomer, and formation of carbon dioxide and 
water into the Krebs cycle, excreted through the kidneys or lungs 
[17]. The timing of the whole process is of paramount importance 
for its performance. The mechanical integrity and the absence of 
recoil should continue over a period of 6 months, during which 
time the biologic process of restenosis decreases (according to this, 
a permanent device would be possibly unnecessary beyond this 
time) [18]. Over time, the polymer is replaced by a provisional 
matrix made of proteoglycan and then by de novo connective 
 tissue (Figure 34.2) [19].

The whole reabsorption process has also been demon
strated with the use of optical coherence tomography (OCT) and 
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 qualitative assessment of BVS struts over time has been proposed 
as follows: preserved box, open box, dissolved bright box, and dis
solved black box, in order of decreasing reflectivity (Figure 34.3) 
[20]. The OCT analysis performed within the ABSORB Cohort A 
study has shown  that the complete absorption of the scaffold 
takes place up to 3 years from implantation [8]. After the reab
sorption process, tissue  adaptation seems to cause a cellular reor
ganization, which  positively impacts on the key step of “vascular 
restoration” [20].

BVS implantation technique
The mechanical properties of the BVS substantially differ from 
metal stents and consequently the implantation technique differs 
slightly from the standard for metal stents. The Abbott Vascular 
elaborated a list of manufacturer’s advice according to which some 
steps are of paramount importance in order to achieve a safe and 
effective scaffold deployment: pre‐dilatation of the lesion in all 
cases; slow scaffold expansion (increasing of 2 atmospheres every 
5 seconds); treatment of bifurcation lesions is discouraged as well 
as post‐dilatation, which is suggested only in case of unsatisfac
tory angiographic results. If post‐dilatation has to be performed, 
balloons should be ≤0.25 mm larger than the nominal diameter of 
the Absorb scaffold; inflation pressure should remain in accord
ance with the characteristic of the balloon expandability to avoid 
unacceptable dilatation of the scaffold, which is 0.5 mm over the 
nominal value. Atherectomy, cutting balloon, or brachytherapy 
are also discouraged. Given these recommendations, BVS deploy
ment still represents a delicate procedure where each step, such as 

accurate scaffold sizing, pre‐dilatation, and post‐deployment 
optimization, is extremely important.

The ABSORB program
The Absorb BVS has been supported by a robust, well‐structured, 
international, investigator‐sponsored (ABBOTT Vascular) pro
gram, designed to promote the clinical use of the Absorb BVS for 
the treatment of atherosclerotic vascular lesions (Table 34.1). The 
first‐in‐man study using BVS was the Absorb Cohort A study which 
enrolled 30 patients undergoing first generation (Absorb BVS 1.0) 
scaffold implantation for the treatment of single, not complex, 
lesions [9]. The 5‐year clinical outcomes have been excellent, with 
3.4% of major adverse cardiovascular events (MACE) mainly being 
myocardial infarction (MI) occurrence [21]. Subsequently, to 
enhance the mechanical strength of the struts and to reduce imme
diate and late recoil, the revised version BVS 1.1 was introduced and 
tested in the ABSORB Cohort B study [11]. It reported good clinical 
and imaging outcomes at 6 months on a larger population of 
patients (n = 101) for up to 3 years, with a MACE rate of 10.1% [22]. 
In order to build a body of evidence to support a broader utilization 
of the Absorb BVS, a prospective, single‐arm, open‐label clinical 
study (the ABSORB EXTEND) was designed [23]. The 1‐year 
results were reassuring, with rates of 4.3% MACE, 2.9% MI, and 
0.8% scaffold thrombosis (ST). To date, the 3‐year follow‐up data of 
250 patients implanted with BVS in the ABSORB EXTEND study 
showed 9.3% cumulative MACE, with 6.0% TLR and 1.2% definite/
probable ST rate [24]. Importantly, in the ABSORB EXTEND, as 
per study protocol (same for Cohorts A and B), left main and 
 arterial or saphenous vein graft (SVG) lesions were excluded, as 
well as in‐stent restenosis, totally occluded vessels, lesions treated 
with brachytherapy or Rotablator, lesions involving a bifurcation or 
ostial lesions. Also, lesions with excessive tortuosity, heavy calcifica
tion, or visible thrombus were not treated with the Absorb BVS. The 
same types of lesion have been treated in the first randomized study 
comparing metallic with fully biodegradable stents eluting the 
same drug (everolimus) [9]. The ABSORB II randomized  controlled 
trial had a 2 : 1 single‐blinded design with a sample population of 
501 patients and a sophisticated quantitative computerized angiog
raphy (QCA) primary endpoint of nitrate‐induced vasomotion and 
in‐stent late loss at 3 years [9]. The 1‐year clinical follow‐up 

Figure 34.1 Absorb biodegradable vascular scaffold (BVS) structure 
and design (high‐resolution microscope image).
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Table 34.1 The ABSORB Program (manufacturer‐sponsored studies).

Study Study design Stage na Follow‐up

ABSORB cohort A Observational, prospective Completed 30 5 years

ABSORB cohort B Non randomized, open label Completed 101 5 years

ABSORB EXTEND Observational, prospective Active, not recruiting =1000 3 years

ABSORB II Randomized, single blind Active, not recruiting 330 3 years

ABSORB PHYSIOLOGY* Randomized, single blind Terminated 35 2 years

ABSORB FIRST Observational, perspective Recruiting 1800 2 years

ABSORB III Randomized, single blind Recruiting 1502 3 years

ABSORB IV Randomized, single blind Recruiting 3000 3 years

ABSORB Japan Randomized, single blind Active, not recruiting 265 3 years

ABSORB China Randomized, open label Active, not recruiting 200 2 years

ABSORB UK Observational, prospective registry Recruiting 100 3 years

* 1 patient recruited
a n = number of patients.
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Figure 34.3 Classification of Absorb BVS struts with OCT and histology over time (porcine coronary arteries). Progressive morphologic phases 
of struts degradation are shown: preserved box (a and e), open box (b, f, g), dissolved bright box (c and h), and dissolved black box (d and i) 
in order of decreasing reflectivity. Source: Adapted from Onuma et al. 2010 [20]. Reproduced with permission from Wolters Kluwer Health.
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included an elaborated analysis of immediate results including 
QCA and IVUS data. In this trial, the Absorb scaffold did not show 
any significant difference on the primary endpoint compared with 
the Xience at 1 year; a lower cumulative rate of recurrent or worsen
ing angina reported through adverse event forms was reported in 
the Absorb arm when compared with the Xience arm. However, 
final in‐stent minimum lumen diameter and IVUS minimum 
lumen cross‐sectional area were significantly smaller in the Absorb 
group than in the Xience group. Also of interest, there was a trend 
toward higher MI and ST in the Absorb arm (4.5% vs. 1.2%; 
p = 0.06 for MI and 0.9% vs. 0.0%; p = 0.55 for ST) [9, 25]. The B‐
SEARCH Registry by Simsek et al. [26] has to be mentioned here 
because it enrolled patients (n = 88) from ABSORB Cohort A, 
Cohort B, and ABSORB EXTEND studies (thus, with same charac
teristics of lesion complexity); only one adverse event was recorded 
(non‐target vessel revascularization) at 1‐month follow‐up. Of 
note, in order to test the performances of the Absorb BVS in 
more  complex settings, some sub‐studies involving ABSORB 
EXTEND population of patients were conducted, with interesting 
results [27–29]. Muramatsu et al. [27] analyzed 1209 side branches 
from 436 patients treated with BVS and found that scaffold implan
tation was associated with a higher incidence of post‐procedural 
side branch occlusion compared with EES. Another study from 
Muramatsu et al. [28] evaluated the device‐oriented composite end
point (DoCE) at 1‐year follow‐up including cardiac death, target 
vessel MI, and target lesion revascularization, in a population of 
diabetic patients treated with BVS. They compared diabetic patients 
from ABSORB Cohort B and ABSORB EXTEND studies to diabetic 
patients treated with everolimus‐eluting metal stents (EES) in 
pooled data from the SPIRIT trials, by applying propensity score 
matching. Diabetic patients treated with the BVS had a similar inci
dence of the DoCE compared with diabetic patients treated with 
EES in the matched study group (3.9% for the BVS vs. 6.4% for EES; 
p = 0.38), with no differences in the incidence of definite or proba
ble ST (0.7% for both diabetic and non‐diabetic patients with the 
BVS; 1.0% for diabetic patients with the BVS vs. 1.7% for diabetic 
patients with EES in the matched study group).

Also interesting results come from a recent study by Diletti et al. 
[29], aiming to assess the impact of vessel size on long‐term out
comes after Absorb BVS implantation in the Cohort B population 
of patients. At 2 years’ follow‐up, similar clinical and angiographic 
outcomes were reported in small and large vessel groups. Notably, a 
significant late lumen enlargement and positive vessel remodeling 
were observed in small vessels.

In summary, in the ABSORB program, Absorb BVS has shown 
very good safety and efficacy results in not complex lesions, even 
when compared with its metallic counterpart, Xience. Several studies 
are ongoing within the same program and will further evaluate this 
device in different populations of patients with different endpoints.

Registries
To date, taking into account published and ongoing studies, there 
are almost 30 “real‐world” studies or registries using the Absorb 
BVS worldwide. For this reason, a huge and still accumulating 
number of data are being reported, justifying the interest of the 
interventional cardiology community. The GHOST‐EU Registry 
has recently been published and is the first large multicenter inter
national registry assessing the early and mid‐term clinical outcomes 
of PCI with everolimus‐eluting Absorb BVS [30]. The study 
involved 10 European centers, enrolling 1189 patients with 1731 
Absorb BVS implanted. The percentage of type B2 or C treated 

lesions (51%, according to the ACC/AHA classification) roughly 
represents a “real‐world” scenario. The primary outcome, target 
lesion failure (TLF), defined as the combination of cardiac death, 
target vessel MI, or clinically driven target lesion revascularization 
(TLR), showed a cumulative incidence of 2.2% at 30 days and 4.4% 
at 6 months. Interestingly, the GHOST‐EU Registry recorded a high 
6‐month ST of 1.5% and an annual ST of 2.1% (Table 34.1). Even 
higher ST rates were found in the “real‐world” AMC Registry where 
135 patients were included [31]. In this study, Kraak et  al. [31] 
treated a real‐world population of patients (62% of type B2 or C 
lesions) with both Absorb BVS and Xience DES, and reported a MI 
rate of 3.0% vs. 3.0%, respectively, while worse outcomes were 
observed for cardiac death (0.8% vs. 0%), TLR (6.3% vs. 3%), and 
ST (3.3% vs. 0%), the latter representing the higher 6‐month rate of 
ST to date (3%). Interesting data come from two single‐center stud
ies evaluating the BVS performance in the highest setting of lesion 
complexity (both enrolling >80% type B2 + C lesions, according to 
the ACC/AHA classification) [32, 33]. The first study, by 
Costopoulos et al. [32], yielded 92 patient pairs (92 patients with 
137 lesions treated with BVS and 92 patients with 124 lesions treated 
with EES), by propensity score matching. Clinical outcomes at 6 
months were similar between the two groups with respect to TLR 
(3.3% vs. 5.4%; p = 0.41) and MACE (3.3% vs. 7.6%; p = 0.19). 
Importantly, the ST rate was 0% in both groups. Similarly, Mattesini 
et  al. [33] performed the same comparison in 100 patients (50 
treated with BVS and 50 with second‐generation DES) presenting 
only with complex lesions (B2 or C in 100% of cases); they reported 
a low percentage of malapposed struts in both groups (BVS 2.1% vs. 
DES 2.4%), with 4% MACE and no ST.

A small number of “real‐world” studies enrolling only patients 
with acute coronary syndrome (ACS) have been published to date, 
with interesting data from small populations of patients. The Prague 
19 study by Kočka et al. [34], enrolling consecutive patients with ST‐
elevation MI (STEMI), compared 41 patients implanted with Absorb 
BVS with 57 patients who received a metal stent. Interestingly, in the 
BVS group, the study reported a lower percentage of diabetic patients 
(2.5% vs. 24.1%; p = 0.003) but a higher percentage of manual aspira
tion thrombectomy (37.5% vs. 12.3%; p = 0.011). The latter finding is 
of interest because the higher strut thickness of BVS should allow 
better entrapment of thrombotic material between the stent and the 
vessel, the “snow racket concept,” which is the main feature of this 
novel device [35, 36]. The Prague 19 study reported only two adverse 
events in the BVS arm, with only one ST (subacute) also docu
mented at OCT (which was available for 21 patients). Diletti et al. 
[35] recently published the results of the BVS STEMI study, a 
 prospective single‐arm study enrolling patients with STEMI (n = 49) 
undergoing BVS implantation. OCT imaging was also performed in 
31 patients, revealing a low malapposition rate (seven scaffolds with 
>5% malapposed struts). The clinical outcomes at 1 month follow‐
up were excellent with only 2.6% MACE (one non‐Q wave MI) and 
no ST. The largest study to date involving ACS patients by Gori et al. 
[37] reported results from 150 consecutive patients after BVS 
implantation, compared with 103 patients implanted with EES in the 
same time period. The 6‐month MACE rate was similar between 
both groups (all p > 0.5), but a high definite/probable ST rate was 
reported (2.7%), mostly acute and subacute. In two out of the three 
ST cases, authors found an incomplete expansion of the BVS at OCT 
as a possible explanation.

Recently, the EVERBIO II study design has been published [38]. 
This is a single‐center, randomized study comparing three typolo
gies of drug‐eluting stents (the Absorb™, the Promus Element™, and 
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the Biomatrix Flex™) in a broader setting of lesions. The primary 
endpoint is in‐stent LLL at 9 months as assessed by QCA; the sec
ondary endpoints are divided into angiographic and clinical  findings 
at up to 5 years’ follow‐up. A standard implantation technique was 
used for all devices and post‐dilatation was performed in 36% of 
cases in the Absorb group. The 9‐month results did not find any 
significant difference in LLL among devices, but in‐segment LLL 
was significantly higher in the Absorb BVS than the EES/BES group 
(NCT01711931). The constrictive effect found by Gogas et al. [39] 
and the neointimal hyperproliferation at the scaffold proximal edge 
have been claimed as possible explanations [40]. The most recent 
published study enrolling patients with ACS, the RAI Registry, 
reported the 6‐month outcomes from a population of 74 patients 
with STEMI, showing very high procedural success rate (97.3%) as 
well as low TLR and ST rates (4.1% and 1.3%, respectively). Of note, 
multiple overlapping BVS during primary PCI did not show any sig
nificant difference in clinical outcome when compared with single 
BVS implantation [41].

Intracoronary imaging guidance
IVUS
Several large studies have been published indicating that IVUS can 
be important for optimal DES stent expansion and lower malap
position rates in complex PCIs (multivessel disease and/or left 
main coronary artery stenting) [42], and its value has also been 
recognized in improving clinical outcomes after PCI [43–47]. A 
recent meta‐analysis of more than 24,000 patients comparing 
IVUS with angiography‐guided PCI outcomes showed lower rates 
of all‐cause mortality, MI, target vessel revascularization, and ST in 
the IVUS‐guided group [48]. Interestingly, OCT has been exten
sively used throughout most of the ABSORB program studies; 
however, given the wide availability of IVUS‐guided PCI clinical 
data and the presence of standardized criteria for optimizing stent 
implantation, IVUS still represents a widely used tool for intrac
oronary imaging trials [49].

Optical coherence tomography
OCT is an established tool for the diagnosis and treatment of coro
nary lesions; its utility in improving clinical outcomes of patients 
undergoing PCI has been demonstrated [50]. This technology 
allows better visualization of both struts and the vessel wall, with an 
axial resolution 10‐fold higher (14 µm) than IVUS, thus allowing 
better identification of stent failure (e.g., stent malapposition, dis
section, tissue protrusion, and thrombus). However, OCT is not 
able to measure plaque burden because of its shallow penetration 
depth (1–2 mm) [51].

A recent study by Allahwalla et  al. [52] reported that despite 
achieving angiographic success in all BVS implantations, further 
optimization was required in over one‐quarter of patients on the 
basis of OCT findings. Although a comprehensive consensus doc
ument has been developed for acquisition, measurement, and 
reporting of intravascular optical coherence [53], whether IVUS 
criteria for optimal stent placement can be translated to OCT‐
guided stent implantation is still unknown. Notwithstanding these 
limitations, OCT is currently considered the “gold standard” imag
ing technique for the evaluation of biodegradable scaffolds; in fact, 
the BVS allows the assessment of the vessel wall behind the struts 
without the usual shadowing of metallic struts as seen in OCT 
analysis [54]. As a result, the use of OCT for BVS deployment has 
been widely accepted, and has contributed significantly to the 

knowledge of the Absorb BVS characteristics and its interplay with 
the coronary wall [8,54]. OCT is especially recognized as an essen
tial tool for  the  optimization of BVS in complex lesions such as 
bifurcations [55,56]. Looking at the most recent data, possible 
explanations of results from BVS “real‐world” studies could also be 
reached for the use of intracoronary imaging guidance.

In conclusion, intracoronary imaging with IVUS and OCT is a 
useful tool in guiding BVS implantation, and the two modalities 
seem to be complementary. While IVUS could be more helpful for 
the evaluation of the plaque morphology and in the preparation 
phase, OCT allows better qualitative scaffold analysis and follow‐up 
evaluation. Overall, both technologies ensure reliable lumen and 
scaffold measurements.

Clinically tested bioresorbable 
vascular scaffolds
During the long hunt for the ideal bioresorbable stent several 
attempts have been made. However, only a few of the proposed 
devices have been clinically tested on humans and an even smaller 
number have been clinically safe and effective enough to be com
mercialized. In this section we provide an overview of those BVS 
clinically tested in humans (Figure 34.4).

Igaki‐Tamai Stent
The Igaki‐Tamai PLLA coronary stent was the first fully bioresorb
able stent to be implanted in humans, with complete degradation 
taking 18–24 months. The stent has a helical zigzag design, which 
differs from previous knitted formats. This results in less vessel wall 
injury during implantation and therefore less initial thrombus 
 formation and reduced intimal hyperplasia [57]. The stent is 
mounted on a standard angioplasty balloon and is both self‐ 
expanding thermally and by balloon. Self‐expansion occurs in 
response to heating the PLLA, which is achieved by the use of heated 
contrast (up to 70°C) to inflate the delivery balloon. Stent expansion 
is further optimized by inflating the delivery balloon to 6–14 atm for 
30 seconds, and the nominal size of the stent is achieved by contin
ued self‐expansion at 37°C in the 20–30 minutes after stent 
 deployment. The stent has a standard length of 12 mm and is avail
able in diameters of 3, 3.5, and 4 mm; the stent strut thickness is 
0.17 mm. An 8‐Fr guiding catheter is required because the stent is 
initially constrained by a sheath that is removed once it crosses the 
lesion. At either end of the stent, to aid visualization, are two radio‐
opaque cylindrical gold markers.

The first‐in‐humans study of the Igaki‐Tamai stent (15 patients, 
19 lesions, 25 stents) demonstrated no MACEs or ST within 30 
days and 1 repeat PCI at the 6‐month follow‐up. Encouragingly, 
the loss index (late loss/acute gain) was 0.48 mm, which was com
parable to BMS, and demonstrated for the first time that BRS did 
not induce an excess of intimal hyperplasia. Furthermore, IVUS 
imaging demonstrated no significant stent recoil at day 1, and 
continued stent expansion was observed in the first 3 months of 
follow‐up [58].

A second, larger study of 50 elective patients (63 lesions, 84 
stents) also showed promising results. IVUS performed at the  
3‐year  follow‐up demonstrated the complete absence of stent 
struts, and angiographic analysis demonstrated a mean diameter 
stenosis of 25% compared with 38%, 29%, and 26% at 6, 12, and 
24 months, respectively. Clinical outcomes at 4‐year follow‐up 
showed rates of overall and MACE‐free survival of 97.7% and 
82.0%, respectively [59].
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Despite these impressive results, the failure of the stent to 
 progress was related primarily to the use of heat to induce self‐
expansion. There were concerns that this could cause necrosis of 
the arterial wall, leading to excessive intimal hyperplasia or 
increased platelet adhesion, leading to ST [60]. None of these con
cerns were substantiated in the initial studies; however, only low‐
risk patients were enrolled. After completion of the Biodegradable 
peripheral Igaki‐Tamai stents PERSEUS study [61], the stent 
became available in Europe for peripheral use, but so far it is not 
available for coronary use.

Tyrosine polycarbonate: REVA stent
The REVA stent (Boston Scientific, Natick, MA, USA) is a tyrosine 
poly (desaminotyrosyltyrosine ethyl ester) carbonate stent that is 
both resorbable and radio‐opaque after the chemical modification 
of tyrosine to incorporate iodine molecules. The polymer degrades 
into water, carbon dioxide, and ethanol; in addition, tyrosine is 
metabolized by the Krebs cycle. The resorption time of the stent is 
dependent on the mass of the polymer, with reported times of 18 or 
12 months for the high‐ and low‐molecular weight polymers, 
respectively. In addition to its radio‐opacity, the REVA stent also 
has a distinctive slide‐and‐lock design that provides both flexibility 
and strength. During the deployment of a standard deformable 
stent, significant strain is concentrated at hinge points; the conse
quence of straining a polymer beyond its yield point is a significant 
loss of mechanical strength. The slide‐and‐lock design eliminates 
hinge points and therefore minimizes polymer strain by 75% over a 
wide range of deployment diameters, thereby preventing deforma
tion and weakening of the polymer during stent deployment. The 
locking mechanism maintains the acute lumen gain after stent 
deployment and provides additional support to the stent during 

vessel remodeling. Company data report negligible recoil and a 
radial force that is superior to the Multi‐Link Vision BMS (Abbott 
Vascular, Santa Clara, CA, USA) [62].

The multicenter first‐in‐human clinical study of the REVA stent, 
the REVA Endovascular Study of a Bioresorbable Coronary Stent 
(RESORB) study, enrolled 30 patients from June 2007. The study 
was designed to evaluate the safety of the stent in de novo lesions 
12 mm in length and 3.0–3.5 mm in diameter. The primary end
point was MACE at 30 days; the secondary endpoint was IVUS and 
QCA‐derived parameters at the 6‐month follow‐up. Follow‐up at 
6 months showed the absence of any significant vessel recoil as indi
cated by the external elastic lamina, which went from 15.5 ± 4.0 to 
15.3 ± 3.1 mm2. Unfortunately, focal mechanical failures driven by 
polymer embrittlement led to a higher‐than‐anticipated rate of TLR 
(66.7%) at 4–6 months’ follow‐up [63].

Redesign of the stent has ensued, resulting in the second‐genera
tion ReZolve (Rezolve2) stent. This stent has a more robust poly
mer, a spiral slide‐and‐lock mechanism to improve clinical 
performance, and a coating of sirolimus. ReZolve2 is a lower profile 
and sheath‐less version of the first‐generation ReZolve scaffold and 
offers significantly improved deliverability and an approximate 30% 
increase in scaffold strength to provide increased support to signifi
cant coronary artery lesions before being resorbed by the body. 
REVA began implanting ReZolve2 in patients in March 2013. So far 
no results are available in literature.

Poly (anhydride ester) salicylic acid: IDEAL stent
The IDEAL biodegradable stent (Bioabsorbable Therapeutics Inc, 
Menlo Park, CA, USA) consists of a backbone of polyanhydride 
ester based on salicylic acid and adipic acid anhydride and an  
8.3‐µg/mm coating of sirolimus, potentially giving the stent both 

(a)

(c) (d)

(b)

Figure 34.4 Structures and designs of clinically tested BVS: (a) DESolve, (b) Igaki Tamay, (c) AMS, (d) Rezolve.
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anti‐inflammatory and antiproliferative properties. The vascular 
compatibility and efficacy of this biodegradable salicylate‐based 
polymer have previously been demonstrated in the porcine model. 
Most notably, the polymer was associated with reduced inflamma
tion compared with a standard BMS and Cypher stent [64]. This 
was very likely because of the anti‐inflammatory properties of 
 salicylic acid following absorption by the vessel wall after its release. 
Drug elution was found to be complete after 30 days, and complete 
stent degradation occurred over a 9‐ to 12‐month period. The 8‐Fr 
compatible, balloon‐expandable stent is radio‐opaque and does not 
require any special storage.

In July 2009, the 11 patients enrolled in the multicenter first‐
in‐humans Whisper trial completed their 12‐month follow‐up. 
Primary results have shown stent safety and confirmed structural 
integrity of the stent with no evidence of acute or chronic recoil. 
Unfortunately, insufficient neointimal suppression has been 
demonstrated [65]. This is likely to be the consequence of inad
equate drug dosing, particularly considering that the surface area 
dose of sirolimus is only one‐quarter of that found on the Cypher 
stent. The rapid elution of sirolimus may also be a contributing 
factor.

A second‐generation stent has been developed with a higher dose 
of sirolimus and a slower drug release pattern. Furthermore, the 
stent design has been optimized, which has resulted in a reduced 
crossing profile (6‐Fr compatible) and thinner struts (175 µm). 
Although the program was on hold in early 2009, there are no 
results available in literature yet.

The DESolve scaffold
The DESolve Myolimus‐Eluting Bioresorbable Coronary Scaffold 
System (Elixir Medical Corporation, Sunnyvale, CA, USA) is a 
PLLA‐based polymer scaffold coated with the antiproliferative drug 
myolimus mounted on a rapid exchange balloon catheter delivery 
system. The DESolve scaffold is formed using proprietary tech
niques from a bioresorbable polylactide‐based polymer with strut 
thickness of 150 mm and incorporates two platinum‐based radio‐
opaque markers at either end to aid in placement. The scaffold is 
coated with a matrix of polylactide‐based polymer and myolimus 
at  a 3 mg/mm dose; more than 85% of the drug is released over 
4 weeks. The system has a crossing profile of 1.47 mm and is 6‐Fr 
catheter compatible. The scaffold is designed to resorb in about 1 
year. The degradation process of PLLA‐based polymers occurs 
 primarily by hydrolysis and is metabolized in vivo via the Krebs 
cycle into carbon dioxide and water [66]. Important differentiating 
features of the DESolve scaffold include:
1 Its ability to self‐correct to the vessel wall in cases of minor 

malapposition when expanded to the nominal diameter, which is 
accomplished using a proprietary processing technique;

2 The ability of the scaffold to maintain radial strength and vessel 
support for the critical 3‐ to 4‐month period of vessel healing 
[67] while subsequently resorbing in about 1 year;

3 A wide safety margin for expansion where a 3.0‐mm scaffold can 
be expanded to 4.5 mm in diameter without strut fracture.
Pre‐clinical in vivo test results assessing the bioresorption profile 

of the DESolve scaffold using molecular weight measurements by 
gel permeation chromatography have demonstrated bioresorption 
of the DESolve scaffold with molecular weight reduction of >95% 
takes about 1 year.

The first‐in‐man trial assessing the safety of the DESolve scaffold 
has been recently published [68,69]. The study enrolled 16 patients 
with simple lesions (<12 mm). Acute procedural success was 

achieved in 15 of 15 patients receiving a study scaffold. At 12 
months, there was no scaffold thrombosis and no MACE directly 
attributable to the scaffold. At 6 months, in‐scaffold LLL (by QCA) 
was 0.19 ± 0.19 mm; neointimal volume (by IVUS) was 7.19 ± 3.56%, 
with no evidence of scaffold recoil or late malapposition. Findings 
were confirmed with OCT and showed uniform, thin neointimal 
coverage (0.12 ± 0.04 mm). At 12 months, multislice computed 
tomography demonstrated excellent vessel patency.

The DESolve scaffold has been available in Europe since the 
beginning of 2014. To the best of our knowledge so far there are no 
data available from the aforementioned first‐in‐man trial.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Biolimus
Chemical features and properties
The Biolimus peculiar chemical structure (C55H87NO14, molecular 
weight 986.29 Da) consists of a 31‐membered triene macrolide 
 lactone that preserves the core sirolimus ring structure with a 
2‐ ethoxyethyl group addition to the hydroxy group at position 
C(40) of the sirolimus molecule. The modification at position 40 of 
the rapamycin ring confers higher lipophilicity (approximately 
more than 10‐fold) than sirolimus (Figure 35.1). As a consequence, 
it attaches more rapidly and enters the smooth muscle cell (SMCs) 
membranes in the coronary vessel wall and inhibits their prolifera
tion. In the STent Eluting A9 BioLimus Trial in Humans (STEALTH 
PK) study, blood levels of Biolimus were measured through a liquid 
chromatography–tandem mass spectrometry assay in 27 moderate 
to high risk patients, 28 days and 6 months after receiving the 
BioMatrix stent. The highest measured blood concentration at any 
time point was 394 pg/mL. At 28 days following stent placement, 
51.8% of patients had Biolimus concentrations less than the lower 
limit of quantitation (LLOQ; 10 pg/mL). Drug concentrations in 
the blood samples collected after 3 and 6 months were not detecta
ble. At 9‐month follow‐up, no adverse events possibly, probably, or 
definitely related to Biolimus were reported [1].

The drug acts through the binding to an intracellular immuno
philin, the FK506‐binding protein 12 (FKBP12), which is upregu
lated in human neointimal SMCs [2]. The FKBP12–rapamycin 
complex, in turn, binds to a specific cell cycle‐regulatory protein, 
the  phosphoinositide 3‐kinase mammalian target of rapamycin 
(mTOR), and inhibits its activation. mTOR is involved in crucial 
steps of cell proliferation, because it regulated the transition from the 
G1 to S phase of the cell cycle [2]. It acts by phosphorylating a num
ber of key proteins including those associated with protein synthesis 
(p70s6kinase) and initiation of translation (phas‐1). The inhibition 
of mTOR is ultimately associated with a cytostatic effect with the 
arrest of the cell cycle in the late G1 phase (Figure 35.2).

The Biosensor stent family
Biosensor International has pioneered the use of the Biolimus 
within a biodegradable‐polymer coated device, the BioMatrix stent. 
Changes of the metal platform and/or the delivery system  compared 

with the first BioMatrix stent generated three new devices: 
BioMatrix Flex, BioMatrix NeoFlex, and Axxess (a bifurcation‐ 
dedicated stent). Moreover, a polymer‐free Biolimus‐eluting stent 
(BES; the BioFreedom) has also been launched (Figure 35.3).

In the BioMatrix, BioMatrix Flex, and BioMatrix NeoFlex, Biolimus 
is immersed at a dose of 15.6 µg/mm into the biodegradable L‐polylac
tic acid (PLA) polymer. This is a synthetic polymer (aliphatic polyes
ter) obtained from processing and polymerization of lactic acid 
monomers. Its degradation occurs within 6–9 months, primarily by 
hydrolysis and through two stages: (i) a non‐enzymatic chain scission 
of the ester groups leads to a reduction in molecular weight; and (ii) 
the low molecular weight oligomers are metabolized by microorgan
isms in carbon dioxide and water through interaction with the Krebs 
cycle [3]. PLA acts by protecting the drug from contacts with body 
substances that could modify its chemistry before reaching the tar
geted area and by controlling the concentration of active ingredient 
release. The high drug‐carrying capacity of PLA results in a significant 
reduction of the amount of carrier polymer used as compared with 
durable coatings of the first generation drug‐eluting stent (DES; 225 
vs. 1227 µg for the  paclitaxel‐eluting (PES) Taxus stent and 301 for the 
sirolimus‐ eluting (SES) Cypher stent).

PLA and Biolimus are mixed in a 1 : 1 ratio to create a 10‐µm 
thick matrix that covers solely the abluminal surface of the stents. 
This asymmetrical coating allows a targeted drug release that 
attains directly in the surrounding coronary wall with limited sys
temic exposure. These stents differ in the specific metal platform 
and the delivery catheter.

The BioMatrix stent consists of the S‐Stent™ Platform that is 
made of a 316 low carbon vacuum melt (LVM) stainless steel,  laser‐
cut, tubular stent with 16.3–18.4% metal surface area, a strut thick
ness of 112 µm, and coated with a layer of parylene C that serves as 
primer for the adhesion of the matrix to the stent surface. The coat
ing formulation is applied to the stent via an automatic micro‐
pipette coating process. The stent is pre‐mounted on to a high 
pressure, semi‐compliant rapid exchange balloon delivery system 
available in six and nine cell models. The delivery catheter has two 
radio‐opaque markers, which fluoroscopically mark the ends of the 
stent to facilitate its proper placement. The typical platform with 
corrugated ring and Quadrature Link™ design combines high flexi
bility and deliverability with adequate support and scaffolding.

The Biolimus Stent Family

Anna Franzone, Raffaele Piccolo, and Stephan Windecker 
Department of Cardiology, Bern University Hospital, Bern, Switzerland
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The BioMatrix Flex (Conformité Européenne (CE) marked in 
2010) has a modified platform design, the Juno™ Stent Platform, in 
which a curved strut connector (radius‐shaped) substitutes the 
straight connector of the existing platform. Moreover, its additional 
features include a larger initial cell opening than the original 
(improving side branch accessibility), an increased between struts 
difference (1.47–1.56 mm), and the absence of a primer coating 
(parylene C) to adhere the polymer and drug to the stent.

The BioMatrix NeoFlex was launched in 2013 and presents supe
rior trackability, crossability, and pushability as consequence of an 
additional improvement of the delivery system (lower lesion entry 
profile). It also features a further improvement of the Quadrature 
link design of the platform with a novel “S‐shaped” connector link.

The AXXESS stent is a self‐expanding, bifurcation dedicated 
device, CE marked in July 2010. It has a nitinol (nickel‐titanium 
alloy) platform with a conical shape (flared distal diameter) and a 
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strut thickness of 0.16 mm and is specifically designed to conform 
to anatomy at the level of the bifurcation carina (up to an angle of 70°). 
Hereto, the device can accommodate vessels of 3.0–4.25 mm diam
eter, and is available in three different lengths (9, 11, and 14 mm). 
The stent elutes Biolimus at a concentration of 22 µg/mm of 
stent length.

The deployment requires a 7‐Fr approach and is made easier 
through four highly visible radio‐opaque markers, three located at 
the tip of the stent and the fourth pointing the proximal edge of the 

stent. The crimped stent is contained in a cover sheath. Before defi
nite deployment, stent position can be further adjusted as long as 
the cover sheath contains more than half of the stent length and the 
radio‐opaque markers can be used to control the retrieval of the 
stent by the sheath. Pre‐dilatation of main vessel and side branch 
(using one of the standard bifurcation techniques) is highly recom
mended for tight lesions and calcified vessel segments as it can 
facilitate lesion crossing and optimal distal flaring at the carina site. 
After the AXXESS stent is implanted, additional stents can be 
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Figure 35.3 The main components of the Biosensor International Biolimus‐eluting stents.
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placed through it in the distal main branch and/or distal side branch 
to achieve an acceptable angiographic result. Final high pressure 
and kissing balloon inflations are recommended in this overlap 
region, while avoiding vessel damage outside the stent edges.

A specific version of the AXXESS System has been designed for 
left main coronary artery (LMCA) bifurcation lesions, allowing for 
larger diameters (up to 4.75 mm) and distinct bifurcation angles 
(flare‐end diameters of 8, 10, and 12 mm).

The BioFreedom drug‐coated stent (DCS; CE approved in 2013) 
consists of a stainless platform with a micro‐structured abluminal 
(outer) surface which allows the controlled release of Biolimus 
without the use of a polymer. The drug is harbored in crevices on 
the abluminal surface and almost completely (98%) transferred to 
the vessel wall within 28 days.

Clinical evidence
Table  35.1 provides an overview of the studies investigating the 
 performance of the Biosensor International BES.

BioMatrix
Registries and  non‐randomized studies The STEALTH PK study 
was designed to specifically assess the pharmacokinetics of Biolimus 
after elution from the BioMatrix stent.

The Biolimus Eluting A‐9 Coronary Stent Obviating Luminal 
Narrowing I (BEACON I) was a prospective registry compiled in 
multiple centers in Asia. It included 443 patients (602 lesions) with 
de novo or restenotic native coronary artery lesions treated with the 
BioMatrix stent. The primary endpoint was target vessel revascu
larization (TVR) at 6 months, and secondary endpoints included 
major adverse cardiac events (MACE; defined as composite of 
death, coronary artery bypass graft (CABG), Q‐wave and non‐Q‐
wave myocardial infarction (MI), and TVR) at 30 days, 6 months, 
and 12 months. The 30‐day MACE was 3.5% with no events of new 
revascularization. At a median follow‐up of 7.2 months, the MACE 
rate was 5.2% including 0.9% TVR and 0.2% target lesion revascu
larization (TLR) [4].

The BEACON II was a prospective, observational registry assess
ing clinical outcomes in real world, all‐comers patients (n = 497) 
receiving the BioMatrix stent at the site of native coronary artery or 
saphenous vein graft (SVG) lesions (with the exception of protected 
or unprotected left main) in Asia‐Pacific countries. The primary 
endpoint was the 12‐month rate of MACE, defined as a composite 
of cardiac death, MI, and ischemia driven‐TLR. Key secondary 
endpoints included ischemia‐driven target lesion failure (TLF) and 
TLR at 12 months; rates of MACE and definite stent thrombosis 
(ST) up to 5 years. In a total number of 742 target lesions (mean 
target lesions per patient 1.49 ± 0.74), 31% were longer than 20 mm, 
24% showed moderate–severe calcification, and 14% were bifurca
tion lesions (side branch >2 mm). Device success (defined as 
achievement of a final residual in‐stent diameter stenosis of <30%) 
was 98.5%; lesion success (defined as attainment of <30% in‐stent 
residual stenosis of the target lesion using any percutaneous 
method) was 98.7% and procedural success (defined as achieve
ment of device success without the occurrence of in‐hospital 
MACE) was 97.8%. MACE rate at 4‐year follow‐up was 9.4%. 
Definite very late stent thrombosis (VLST) events were rare (0.4%) 
and specifically none of these events occurred in patients receiving 
the BioMatrix stent in native coronary arteries [5,6].

The e‐BioMatrix Registry was a prospective, multicenter, obser
vational registry designed to assess outcomes in 5472 all‐comers 
patients treated with either the BioMatrix or the BioMatrix Flex 

stent across 57 European sites between April 2008 and August 2011. 
Criteria for inclusion were age >18 years and implantation of one of 
the BioMatrix family DES (any size, any vessel) without limitations 
of the number of treated lesions, vessels, or lesion length. 
Approximately 50% of patients presented with acute coronary syn
drome (ACS). Patients were excluded if additional stents (different 
from the study stent) were used or if any lesions were treated with 
other techniques (e.g., stand‐alone balloon angioplasty, atherec
tomy). The primary endpoint was the incidence of MACE at 
12 months, defined as a composite of cardiac death, any MI, and 
clinically indicated TVR. Pre‐defined secondary endpoints 
included the individual components of the primary endpoint, ST, 
major bleeding, and MACE at 24 months. The registry had two 
components: the e‐BioMatrix PMS (Post‐Marketing Surveillance) 
and the e‐BioMatrix PMR (Post‐Marketing Registry), which differ 
only with regard to the level of source data verification. The PMS 
registry collected all baseline data, all MACE, ST, and bleeding 
events through a monitoring system; the PMR registry monitors 
only cardiac‐related events. The overall incidence of MACE was 
4.5% (cardiac death 0.9%, MI 1.7%, clinically indicated TVR 2.8%) 
at 12 months and 6.8% at 24 months (cardiac death 1.5%, MI 2.4%, 
clinically indicated TVR 4.3%). Rate of definite or probable ST was 
0.6% at 12 months and 0.2% between 12 and 24 months; the major
ity of such events occurred within the first 30 days (58.5%) and in 
patients still on dual antiplatelet therapy (DAPT). Despite its low 
incidence, ST was associated with high 24‐month mortality (27.5%). 
Major bleeding occurred in 1.7% of patients at 12 months and 
0.4% at 12–24 months with a mortality rate of 9.1%. Contrary to 
12‐month observations, comorbidities (as expressed by the 
Charlson index) were found independent predictors of MACE at 21 
months by multivariate analysis [7,8].

The e‐BioMatrix registry family also include arms enrolling 
patients treated with the BioMatrix in non‐European countries. 
The e‐BioMatrix India aims to evaluate the 2‐year clinical safety 
and efficacy outcomes in 1189 patients (1418 lesions) prospectively 
enrolled between December 2008 and February 2012. An interim 
analysis involving 987 patients showed a 12‐month incidence of 
MACE and ST of 0.45 and 0.2 per 100 person‐years, respectively. 
No case of ST was reported among the 37% of patients who 
 completed the 2‐year follow‐up [9]. A subgroup analysis showed 
comparable clinical outcomes among patients with diabetes  mellitus 
(n = 485) with a MACE rate of 0.62% and a single case of probable 
ST reported [10].

Asia‐Pacific registries also include single‐center experiences 
from Thailand and Indonesia confirming satisfactory early angio
graphic performance of the BioMatrix stent and mid‐term clinical 
outcomes in more than 400 patients [5].

Randomized studies (Figure 35.4)
BioMatrix vs. bare metal stent The STEALTH I trial was a first‐in‐
man, multicenter, prospective study assessing the safety and  efficacy 
of the BioMatrix stent. It randomly assigned, in a 2 : 1 ratio, 120 
patients with single de novo lesions, undergoing percutaneous cor
onary intervention (PCI), to receive the BioMatrix Stent (n = 80, 82 
lesions) or the control Gazelle S‐Stent (n = 40, 40 lesions), a bare 
metal stent (BMS) with identical design. The angiographic primary 
endpoint, in‐lesion late lumen loss (LLL) at 6‐month follow‐up, was 
significantly reduced in the BioMatrix group (0.14 ± 0.45 mm) com
pared to the control group (0.40 ± 0.41 mm; p = 0.004). A significant 
reduction of the in‐stent LLL was also reported (0.26 ± 0.43 vs. 
0.74 ± 0.45 mm; p <0.001). Binary restenosis rates were low in both 
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groups (3.9% vs. 7.7%; p = NS) and lower than expected particularly 
in the control group [11]. Intravascular ultrasound (IVUS) analysis 
performed at the time of the angiographic follow‐up revealed a 
comparable incidence of late incomplete apposition (3%) for both 
groups and a significantly lower percentage of neointimal vol
ume  (ratio between neointimal volume and stent volume) in 
patients  receiving the BioMatrix stent (2.6% vs. 23.5%; p <0.001). 
Comparable clinical safety emerged with similar 6‐month event‐
free survival (96.3% vs. 97.5%; p = 0.72) without significant difference 
in TLR rates [12]. The preserved safety profile persisted until 5‐year 
follow‐up with a MACE (death, MI, or TLR) rate of 18.1% in the 
BioMatrix group and 10.5% in the control group [13].

The Comparison of Biolimus Eluted From an Erodible Stent 
Coating With Bare Metal Stents in Acute ST‐Elevation Myocardial 
Infarction (COMFORTABLE AMI) was a randomized, superiority 
trial comparing the efficacy and safety of the BioMatrix stent with 
the Gazelle BMS in 1161 patients presenting with STEMI undergo
ing primary PCI, at 11 sites in Europe and Israel, between September 
2009 and January 2011. Patients were excluded in presence of 

mechanical complications of acute MI, known allergy to any study 
medication, use of vitamin K antagonists, planned surgery unless 
DAPT could be maintained throughout the peri‐surgical period, 
history of bleeding diathesis or known coagulopathy, pregnancy, 
participation in another trial, inability to provide informed consent, 
and life expectancy of less than 1 year. The pre‐specified primary 
study endpoint was the device‐oriented composite of cardiac death, 
target vessel‐related reinfarction, and ischemia‐driven TLR. 
Secondary endpoints included the patient‐oriented composite of 
death, any reinfarction, and any revascularization, as well as target 
vessel‐related reinfarction, and any revascularization (percutane
ous and surgical procedures), cardiac death, all‐cause mortality, Q‐
wave and non‐Q‐wave reinfarction, stroke, and ST. At 1 year, the 
primary endpoint occurred in 4.3% of patients receiving the BES 
and in 8.7% of patients receiving the BMS (HR 0.49, 95% CI 0.30–
0.80; p = 0.004). The difference was driven by a lower risk of target 
vessel‐related reinfarction (0.5% vs. 2.7%, HR 0.20, 95% CI 0.06–
0.69; p = 0.01) and ischemia‐driven TLR (1.6% vs. 5.7%, HR 0.28, 
95% CI 0.13–0.59; p <0.001). Cardiac death was not significantly 
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Figure 35.4 Rates of major adverse cardiac events (MACE) (a) and stent thrombosis (ST) (b) and key angiographic findings (c) across the 
main randomized trials evaluating the performance of the BioMatrix stent.
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different (2.9% vs. 20 3.5%; p = 0.53). The rate of definite ST was 0.9% 
in patients treated with BES and 2.1% in patients treated with BMS 
(HR 0.42, 95% CI 0.15–1.19; p = 0.10) [14]. These differences were 
maintained at 2‐year follow‐up. The rate of the primary endpoint was 
5.8% in patients assigned to receive the BioMatrix stent and 11.9% in 
control group (HR 0.48, 95% CI 0.31–0.72; p < 0.001). The angio
graphic control performed in 103 patients at 13 months showed a 
significant lower in‐stent percent diameter stenosis in BES patients 
compared with patients treated with BMS (12.0 ± 7.2 vs. 39.6 ± 25; 
p < 0.001). No differences in DAPT compliance were observed 
between the study groups at any time point and approximately 18% of 
all patients continued thienopyridines throughout 2 years [15].

BioMatrix vs. first generation DES The Limus Eluted From A 
Durable Versus ERodable Stent Coating (LEADERS) was a pro
spective, multicenter, non‐inferiority trial including 1707 patients, 
randomized, after coronary angiography, to receive the BioMatrix 
Flex or the durable polymer SES Cypher SELECT stent (Cordis, 
Miami Lakes, FL, USA). Patients with stable coronary artery disease 
(CAD) or ACS at presentation could be enrolled; other inclusion 
criteria were the presence of one or more, significant (>50%), coro
nary artery stenosis in a native vessel or SVG. Exclusion criteria 
included pregnancy; known intolerance to aspirin, clopidogrel, 
heparin, stainless steel, sirolimus, biolimus, or contrast material; 
inability to provide informed consent; participation in another trial; 
or planned surgery within 6 months of PCI unless DAPT was main
tained throughout the peri‐operative period. The primary endpoint 
of the trial was the rate of MACE, defined as the composite of 
 cardiac death, MI, or clinically indicated TVR within 9 months. 
Secondary endpoints included MACE and its individual compo
nents, angiographic and clinical ST at 30 days, 6 months, 9 months 
and 1–5 years. BES proved to be non‐inferior to SES for the primary 
endpoint at 9 months (9% vs. 11%, RR 0.88, 95% CI 0.64–1.19; p for 
non‐inferiority = 0.003, p for superiority = 0.39) [16]. Optical coher
ence tomography (OCT) performed during angiographic follow‐up 
at 9 months showed a more complete strut coverage in 20 patients 
treated with the BioMatrix stent (29 lesions with 4592 struts) com
pared with patients receiving SES (26 patients, 35 lesions with 6476 
struts). Three lesions in the former group and 15 lesions in the latter 
had ≥5% of all struts uncovered (difference 233.1%, 95% CI 261.7–
210.3; p <0.01) [17].

Early findings were confirmed up to 5‐year follow‐up: MACE 
rate 22.3% vs. 26.1%, RR 0.83 (95% CI 0.68–1.02; p for non‐inferi
ority <0.0001, p for superiority = 0.069). Moreover, at this time 
point, the more comprehensive patient‐oriented composite end
point (including all‐cause death, any MI, and all‐cause revasculari
zation) was significantly reduced with the BioMatrix stent (35.1% 
vs. 40.4%, RR 0.84, 95% CI 0.71–0.98; p for superiority = 0.023). 
Definite VLST from 1 to 5 years was also significantly reduced with 
the BioMatrix stent (0.7% vs. 2.5%, RR 0.26, 95% CI 0.10–0.68; 
p = 0.003) [18]. Several post hoc analyses explored the performance 
of the novel device in specific clinical and/or angiographic settings. 
The non‐inferiority of the BioMatrix was confirmed in 429 patients 
with small vessel disease (defined as reference diameter <2.75 mm) 
as equivalent LLL (0.17 ± 0.47 vs. 0.22 ± 0.51 mm; p = NS), percent 
diameter stenosis (24.9% ± 20.7% vs. 23.8% ± 21.3%), and binary 
restenosis rates (12.8% vs. 9.7%) were reported, compared with 434 
patients in the durable polymer SES arm. Moreover, rates of MACE 
and TLR at 1 year were similar (12.1% vs. 11.8%; p = 0.89 and 9.6% 
vs. 7.4%; p = 0.26, respectively) [19]. Patients with acute MI (ST‐
segment elevation MI (STEMI) and non‐ST‐segment elevation MI 

(NSTEMI)) treated with the BioMatrix stent (n = 280) experienced 
lower rate of the patient‐oriented composite endpoint compared 
with the SES at 5‐year follow‐up (28.9% vs. 42.3%, RR 0.61, 95% CI 
0.47–0.82; p = 0.001). In patients with STEMI, specifically, the 
BioMatrix stent implantation significantly reduced the rate of the 
primary endpoint (24.4% vs. 39.3%, RR 0.55, 95% CI 0.36–0.85; 
p = 0.006), MACE (12.6% vs. 25.0%, RR 0.47, 95% CI 0.26–0.83; 
p = 0.008), and cardiac death (3.0% vs. 11.4%, RR 0.25, 95% CI 
0.08–0.75; p = 0.007). Moreover, a trend toward reduction in defi
nite ST was observed (3.7% vs. 8.6%, RR 0.41, 95% CI 0.15–1.18; 
p = 0.088) [20].

BioMatrix vs. second generation DES The Scandinavian 
Organization for Randomized Trials with Clinical Outcome VI 
(SORT OUT VI) was an open‐label, randomized, multicenter, non‐
inferiority trial performed at three sites across Denmark including 
1502 patients (1883 lesions) assigned to receive the durable‐ polymer 
zotarolimus‐eluting stent (ZES) (Resolute Integrity, Medtronic 
CardioVascular, Santa Rosa, CA, USA) and 1497 patients (1791 
lesions) to receive the BioMatrix Flex stent. Patients with stable 
CAD or ACS and at least one coronary lesion with more than 50% 
stenosis in a vessel with a diameter of 2.25–4.00 mm were included. 
The primary endpoint was a combination of safety (cardiac death or 
MI not clearly attributable to a non‐target lesion) and efficacy (clin
ically indicated TLR) at 1 year. It occurred in 79 (5.3%) and 75 
(5.0%) patients, respectively, proving the non‐inferiority of the ZES 
compared with the BES (absolute risk difference 0.0025, upper limit 
of one‐sided 95% CI 0.016%; p = 0.004) [21].

Separham et al. [22] randomly assigned 200 patients undergoing 
PCI of de novo coronary lesions to receive the BioMatrix or the 
Xience everolimus‐eluting stent (EES; Abbott Vascular). At 1 year, 
the rates of cardiac death (0% in both groups), MI (2% vs. 0%; 
p = 0.49), and clinically driven TVR (0% in both groups) were simi
lar for the study groups. No ST was reported in either group.

The performance of the BioMatrix Flex stent was tested in com
parison with that of a durable polymer EES (Promus Element, 
Boston Scientific) and with the everolimus‐eluting bioresorbable 
scaffold (Absorb BVS, Abbott Vascular) in the Comparison of 
Everolimus‐ and Biolimus‐Eluting Stents With Everolimus‐Eluting 
Bioresorbable Vascular Scaffold Stents II (EVERBIO II) trial. This 
was a single‐center trial including 240 all‐comers patients randomly 
assigned to receive one of the abovementioned devices in a 1 : 1 : 1 
ratio. The only study exclusion criteria was a reference vessel diam
eter >4.0 mm which does not allow the Absorb implantation. The 
angiographic follow‐up showed similar LLL among groups, at 
9 months (primary endpoint). Clinical outcomes were also compa
rable: the rates of patient‐oriented MACE (death, MI, and any 
revascularization) were 27% in patients treated with bioresorbable 
vascular scaffolds (BVS) and 26% in the EES/BES group (p = 0.83) 
and the device‐oriented MACE (cardiac death, MI, and TLR) rates 
were 12% in BVS and 9% in the EES/BES group (p = 0.6) [23].

The Assessment of Stent sTrut Apposition and Coverage in 
Coronary ArTeries with Optical coherence tomography in patients 
with STEMI, NSTEMI and stable/unstable angina undergoing 
everolimus vs. biolimus A9‐eluting stent implantation (STACCATO) 
study was a single‐center, prospective, randomized trial comparing 
tissue coverage in coronary lesions stented with durable fluoropoly
mer‐coated EES (Xience V/Xience PRIME) or with the BioMatrix 
stent. It included 64 patients (64 lesions) with stable CAD or ACS at 
presentation and de novo coronary lesions. The primary endpoint, 
percentage of uncovered struts as assessed with OCT 9 months after 
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PCI, was significantly lower with the use of the EES (4.3 ± 4.8% vs. 
8.7 ± 7.8%; p = 0.019). No difference in the average percentage of 
malapposed struts at baseline (6.8 ± 6.9% vs. 6.9 ± 7.0%, respec
tively; p = 0.974) and at follow‐up (0.1 ± 0.3% vs. 0.6 ± 1.3%; 
p = 0.143) was reported. Neointimal thickness at 9 months was 
109 ± 43 µm in EES vs. 64 ± 18 µm in BES (p <0.001), and angio
graphic LLL was 0.15 mm in EES vs. 0.10 mm in BES (p = 0.581). 
Comparable rates of MACE and ST were reported [24].

Ongoing studies Table 35.2 lists the ongoing studies evaluating the 
performance of the BioMatrix stent. Among these, the Comparative 
Effectiveness of 1 Month of Ticagrelor Plus Aspirin Followed by 
Ticagrelor Monotherapy Versus a Current‐day Intensive Dual 
Antiplatelet Therapy in All‐comers Patients Undergoing 
Percutaneous Coronary Intervention With Bivalirudin and 
BioMatrix Family Drug‐eluting Stent Use (GLOBAL LEADERS, 
NCT01813435) is an investigator‐sponsored trial aiming to enroll 
around 16,000 all‐comer patients in approximately 132 centers (in 
Europe, North America, South America, and Asia‐Pacific) to assess 
the potential benefits of new antiplatelet regimens. The randomiza
tion will occur at the time of the index procedure prior to PCI. 
Subjects will be stratified according to center and according to the 
clinical presentation (stable CAD or ACS). All the randomized 
patients will be treated with the BioMatrix Flex stent or the 

BioMatrix NeoFlex stent and will receive peri‐procedural bivalirudin. 
After PCI, they will receive (1 : 1) either ticagrelor plus aspirin for 
1  month followed by 23 months of ticagrelor monotherapy or 
standard DAPT for 12 months followed by aspirin monotherapy for 
12–24 months. The primary study outcome will be the composite of 
all‐cause mortality or non‐fatal new Q‐wave MI at 2 years.

AXXESS
The AXXESS Plus was a prospective, single‐arm, multicenter, and 
non‐randomized study evaluating the safety and efficacy of the 
AXXESS BES for the treatment of patients with de novo bifurcation 
lesions. A total of 139 patients from Europe, Brazil, and New 
Zealand, with history of stable or unstable angina, met the follow
ing inclusion criteria and were entered in the study: target lesion 
located within 5 mm of a bifurcation; main branch reference vessel 
diameter between 2.5–4.0 mm; side branch diameter >2.25 mm and 
lesion length <15 mm; total length of the lesion in the main branch 
<34 mm. The primary endpoint was in‐stent LLL in parent vessel 
and side branch at 6‐month follow‐up, as measured by quantitative 
computerized angiographic analysis (QCA). The safety endpoint 
was a composite of MACE at 6 months after the procedure, defined 
as any death, Q‐wave or non‐Q‐wave MI, or ischemia‐driven TLR. 
Satisfactory levels of procedural and angiographic success were 
reported (94.9% and 100%, respectively). All patients were stented 

Table 35.2 Ongoing BioMatrix stent studies.

Study name and/or 
identifier number Sites Design Setting Endpoints

NCT01947439 Asia Randomized
BES vs. ZES

Multivessel PCI All-cause death, non‐fatal MI, any 
revascularization at 2 years

SORT‐OUT VIII
NCT02093845

Europe Randomized
BES vs. EES (Synergy 
stent)

Non‐selected patients with 
ischemic heart disease

Device‐related TLF at 1 year

OCT SORT‐OUT VIII 
NCT02253108

Europe Randomized
BES vs. EES (Synergy 
stent)

Non‐selected patients with 
ischemic heart disease

Combined endpoint of vessel wall healing 
parameters assessed by OCT at 3 months

PONTINA
NCT01060306

Europe Observational
BES vs. BMS

Patients with stable CAD 
or ACS undergoing LM PCI

Assessment of neointimal coverage by 
OCT at 6 months

CHOICE
NCT01397175

Asia Randomized
BES vs. EES vs. ZES

All‐comers patients Device‐oriented composite at 2 years

DETECT‐OCT 
NCT01752894

Asia Randomized
BES vs. EES (angio‐ 
vs. OCT‐guided PCI)

Stable CAD or unstable 
angina

Percentage of neointimal coverage by  
OCT at 3 months

DESTINY TRIAL 
NCT01856088

South 
America

Randomized
BES vs. SES (Inspiron 
Stent)

Stable or unstable angina LLL at 9 months

ROBUST
NCT00888758

Europe Randomized
BES vs. EES

STEMI MACE at 9 months

ACS, acute coronary syndrome; BES, Biolimus‐eluting stent; CAD, coronary artery disease; EES, everolimus‐eluting stent; LLL, late lumen loss; LM, left main; MACE, 
major adverse cardiac events; MI, myocardial infarction; OCT, optical coherence tomography; PCI, percutaneous coronary intervention; SES, sirolimus‐eluting stent; 
TLF, target lesion failure; ZES, zotarolimus‐eluting stent.
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with the Axxess‐Plus stent, with 80.9% having additional stents 
placed distally (42% having stents in both the distal main vessel and 
side branch, 29.4% having stents into the distal main vessel only, 
and 9.6% with a stent into only the side branch). In‐stent late loss in 
the AXXESS group was 0.09 ± 0.56 mm. Late ST was observed in 
three cases, two of which were associated with confirmed prema
ture DAPT discontinuation. In‐stent restenosis in the main vessel 
was 7.1% and in the side branch was 13.7% (7.9% when a DES was 
implanted). The TLR rate at 6 months was 7.5%. Six‐month IVUS 
analysis was performed in 49 cases (35.2%) and showed effective 
lesion coverage along with significant neointimal suppression: the 
neointimal volume obstruction percentage was 2.28 ± 2.17%, with a 
minimum lumen area of 7.86 ± 2.63 mm2 [25].

The Drug‐Eluting Stent Intervention for Treating Side Branches 
Effectively (DIVERGE) study was a prospective, multicenter registry 
with the aim of expanding the results of the AXXESS Plus study to a 
broader population while keeping strict protocol indications such as 
the obligatory use of SES as additional stents for the parent vessel and 
the side branch if the residual diameter stenosis exceeded 30%. Lesion 
criteria for inclusion were any bifurcation with significant side branch 
(≥2.25 mm) and parental vessel‐side branch angulation <70°. The 
primary endpoint was the rate of MACE, a composite of death, MI, 
and TLR at 9 months. Secondary endpoints included in‐segment 
restenosis, late loss, and percent neointimal volume obstruction. 
Overall, 302 patients were included across 14 sites in Europe, 
Australia, and New Zealand. Of procedures, 12.3% involved AXXESS 
only; additional stenting of side branch involved 21.7 % patients 
(17.7% in the distal parent vessel and 4.0% in the side branch vessel); 
64.7% received stents in both vessels. The 9‐month MACE rate was 
7.7% (0.7% death, 3.3% non‐Q‐wave MI, 1.0% Q‐wave MI, 4.3% 
TLR) and 21.3% at 5 years (6.5% death, 8.6% MI, 12.4% TLR). Of 
patients originally enrolled in the study, 96.3% (291) were available 
for this long‐term follow‐up. Only five cases (1.7%) of definite VLST 
were reported, none of them resulting in death [26,27].

The AXXESS Stent in Left Main Coronary Artery Bifurcation 
Lesions (AXXENT) trial was a prospective, single‐arm, multicenter 
study designed to evaluate the safety and efficacy of the AXXESS 
BES for the treatment of LMCA bifurcation lesions in 33 patients. 
Six‐month IVUS analysis (performed in 26 subjects) showed 12.4% 
increase in volume and significant neointimal suppression (percent 
neointimal volume obstruction was 3.0% ± 4.1% with a minimal 
lumen area of 10.3 ± 2.6 mm). Interestingly, lumen area was signifi
cantly smaller in the left circumflex coronary ostium compared with 
the left anterior descending ostium at follow‐up, probably because of 
greater neointimal formation and inadequate stent expansion [28].

The multicenter Complex Coronary Bifurcation Lesions: 
Randomized Comparison Of a Strategy using a Dedicated Self‐
Expanding Biolimus A9‐eluting Stent vs Culotte Strategy using 
Everolimus‐eluting Stents (COBRA) trial aims to compare the dedi
cated AXXESS stent with a conventional Culotte strategy assessing 
vessel healing (through OCT and QCA at 9 months) and clinical 
outcomes. Patients with true bifurcation lesions will be randomized 
to receive the AXXESS stent plus two BioMatrix or two Xience EES 
implanted with the Culotte technique (encompassing minimized 
overlap and final kissing balloon). The primary endpoint is strut 
coverage at 9‐month follow‐up. Secondary endpoints will include 
OCT and QCA parameter at 9 months and clinical outcomes up to 
5 years. Preliminary analysis performed on the first 40 patients 
enrolled (20 for each arm) showed no significant difference in the 
percentage of uncovered struts at 9 months. Furthermore, a delayed 
neointimal coverage was observed in the proximal main vessel 

compared with more distal segments in patients receiving the 
Culotte technique whereas a trend toward a higher percentage of 
uncovered struts in all bifurcation segments was reported for 
 subjects in the AXXESS arm. These findings have been related to 
differences in strut thickness, polymer, and antiproliferative drug 
between the study devices [29].

BioFreedom
Pre‐clinical studies proved the long‐term efficacy of the BioFreedom 
stent compared with SES in terms of late restenosis (reduced neo
intimal proliferation) and persistent inflammation (decreased 
fibrin, granuloma, and giant cells) [30].

The BioFreedom FIM included a total of 182 patients diagnosed 
with symptomatic ischemic heart disease and coronary lesions 
amenable to percutaneous treatment with DES. Inclusion criteria 
also were native vessels diameter ≥2.25 and ≤3 and lesion length 
≤14 mm. Patients were divided in two cohorts on the basis of differ
ent time‐point for angiographic and IVUS follow‐up (after 4 or 9 
months for cohort 1 and 2, respectively) and randomized to receive 
either the BioFreedom standard dose (15.6 µg/mm) or the 
BioFreedom low dose (7.8 µg/mm) or the PES Taxus Liberté 
(Boston Scientific). DAPT was recommended for at least 6 months 
after stent implantation. The primary endpoint was in‐stent LLL at 
12 months (cohort 2). Secondary endpoints included in‐stent LLL 
at 4 months (cohort 1), MACE (composite of all death, MI, emer
gent CABG and TLR) and ST rate at 30 days, 4, 12 months and up 
to 5 years; clinically driven TLR, TVR, and TVF at 4, 12 months, 
and up to 5 years; in‐stent/in‐segment binary restenosis at 
4 months; in‐stent/in‐segment Minimum Lumen Diameter (MLD) 
at 4 months; neointimal hyperplasia volume at 4 and 12 months 
measured by IVUS; biolimus concentrations pre/post procedure at 
discharge and 30 days. Both BioFreedom SD (0.08 mm) and LD 
(0.12 mm) groups demonstrated a significant reduction in late loss 
at 4 months compared to Taxus (0.37 mm) (p < 0.0001 and 0.002, 
respectively). The percentage of neointimal volume obstruction 
was significantly reduced in the BioFreedom Standard Dose arm, 
compared to both BioFreedom Low Dose and Taxus Liberté. In the 
second study cohort (including 107 patients), in‐stent LLL in 
patients receiving BioFreedom SD was 0.17 mm, compared with an 
in‐stent LLL of 0.35 mm in the Taxus Liberté group. When combin
ing the cohorts, BioFreedom SD demonstrated sustained safety up 
to 12 months, including absence of ST [31]. After 4 years, similar 
rates of MACE in the BioFreedom SD and Taxus Liberté groups 
were reported (13.6% vs. 13.3%) with no evidence of ST [32].

The EGO‐BIOFREEDOM trial was designed to assess the time 
frame, degree of endothelialization, and the subsequent neointimal 
proliferation through OCT evaluation in patients treated with the 
BioFreedom stent. This single center study included 100 “real‐
world” patients (with the exclusion of those with STEMI at presenta
tion) who received baseline and 9‐month OCT and were randomized 
to six groups according to timing of the blinded OCT follow‐up. The 
primary outcome included OCT findings on coverage (degree of 
endothelialization/coverage) from 1 to 9 months. Secondary out
comes were OCT endpoints (neointimal area and neointimal thick
ness), QCA endpoints (LLL at 9 months), and  clinical endpoints 
(MACE and ST at 9 and 12 months). Early strut coverage was classi
fied into six categories (A, B, C: uncovered struts; D, E, F: covered 
struts); early coverage increased progressively from a minimum of 
48.16% at 1 month to 97.14% (median) at 5 months. In each group 
of 20 patients, the range variations of percentage of coverage were 
much wider in the earlier (1–2 months) groups whereas nearly 



354 PART I Principles and Techniques SECTION VI Clinical Trials in Coronary Heart Disease

 complete coverage was observed in the later months with more 
mature neointimal tissue (brighter intensity and more homogenous 
in appearance). Median strut coverage at 9 months reaches 99.55% 
(IQR 98.17–99.93%; min 85.41%, max 100%). Nine‐month neointi
mal thickness remained very low at 0.10 mm (0.05–0.16 mm) in 55 
patients. In‐stent neointimal volume percentage increased from 
4.3% (IQR 2.1–7.5%) in the first 5 months to 13% (9.4–15.9%) at 
9 months. Four patients had in‐stent restenosis requiring treatment 
(TLR rate 4%); no other target vessel‐related infarct or cardiac death 
or definite or probable late ST were recorded [33].

The Leaders Free trial (NCT01623180) is an ongoing multi
center, randomized, double‐blind trial comparing the BioFreedom 
stent with the Gazelle stent in approximately 2500 patients at high 
bleeding risk using a short (1 month) course of DAPT testing the 
non‐inferiority for the primary safety endpoint (a composite of 
 cardiac death, MI, and ST) and the superiority for the primary 
 efficacy endpoint (clinically driven TLR) at 1 year.

The BioFreedom US IDE Feasibility Trial (NCT02131142) is a 
multicenter, prospective study started in August 2014, with the aim 
to collect additional safety (MACE, defined as the composite of car
diac death, MI, TLR, and definite ST) and effectiveness (LLL at 9 
months) data for the use of the BioFreedom stent in patients with de 
novo, native coronary lesions.

The Nobori stent
The Nobori stent (Terumo, Tokyo, Japan) resembles the two main 
components of the BioMatrix stent: (i) the bare metal (stainless 
steel) platform with open cell, quadrature link design and strut 
thickness of 120 µm; (ii) the abluminal coating (toward vessel) 
with the biodegradable PLA as drug carrier, parylene C as primer 
coating and Biolimus at dose of 15.6 µg/mm stent length. The main 
difference is related to a different coating process: chemical vapor 
deposition is used for the Nobori whereas automated autopipette 
are used for the BioMatrix stent.

Preclinical and pharmacokinetic studies
Endothelial coverage proved to be complete 14 days after the 
implantation of the Nobori stent in porcine coronary arteries evalu
ated with the scanning electronic microscope without a significant 
vessel reaction up to 15 months compared with vessels treated with 
BMS [34]. Other reports showed a lower inflammatory profile com
pared with vessels implanted with the first generation SES or with 
the durable‐polymer EES [35].

The NOBORI PK study evaluated the pharmacokinetics of 
Biolimus eluted from Nobori stent as well its tolerability and safety 
profile in 20 patients with de novo coronary lesions: the highest 
Biolimus blood concentration measured in blood samples obtained 
at different time points (before the procedure and 48 h, 7 and 28 
days, 3, 6, and 9 months after stent implantation) was 32.2 pg/mL 
and was not associated with the occurrence of adverse events. The 
median time for the maximum concentration was 2 hours 
(0.05 hours to 3 months). After 6 months, only one patient had 
detectable Biolimus systemic levels whereas no measurable concen
trations were found at 9 months [36].

Clinical evidence (Table 35.3)
Registries
The NOBORI CORE study compared the Nobori stent with first‐
generation Cypher SES in 107 patients with de novo coronary 
lesions (142, diameter 2.5–3.5 mm). Angiographic 9‐month follow‐

up revealed a similar in‐stent LLL (0.10 ± 0.26 vs. 0.12 ± 0.43; 
p = 0.66) and binary restenosis (1.7 vs. 6.3%; p = 0.32) whereas in‐
stent diameter stenosis was significantly lower in the Nobori group 
(13 ± 10% vs. 20 ± 12%; p = 0.002) [37]. In a subgroup of patients 
(n = 43), rapid atrial pacing was used to evaluate the endothelial 
function through the assessment of vasomotion: the use of the 
Nobori was associated with a preserved endothelial function and 
vasomotion [38]. Several factors contribute to this effect (polymer, 
asymmetric coating, drug); however, the clinical relevance of this 
effect needs further investigation.

The NOBORI 2 was a prospective, multicenter, single‐arm regis
try evaluating the performance of the Nobori stent in a broad range 
of clinical settings. Indeed, it included 3067 patients across Europe 
and Asia between April 2008 and March 2009; approximately 73% 
of them had an off‐label indication for the use of the Nobori stent. 
At 1 year, the overall rate of the device oriented endpoint or TLF 
(composite of cardiac death, MI, and TLR) was 3.9% (5.1% after 2 
years). Patients in off‐label group experienced significantly higher 
rates of the primary endpoint both after 1 and 2 years (TLF: 4.5% vs. 
2.2% at 1 year and 5.9% vs. 2.8% at 2 years). The rates of ST were 
0.68% and 0.80%, at 1 and 2 years, respectively [39].

The Italian Nobori Stent ProspectIve Registry (INSPIRE 1) 
included 1066 all‐comers patients (1589 lesions) treated with the 
Nobori stent at seven Italian sites between February 2008 and July 
2012. At 1 year, the primary endpoint (composite of cardiac death, 
MI, and clinically driven TVR) occurred in 4.0% of patients. TLF 
(secondary endpoint) occurred in 4.6% of patients. The rates of 
both primary and secondary endpoints were higher in patients with 
complex lesions. Definite and probable ST rate was 0.6% and was 
not significantly higher in the complex lesions group (0.9%) [40].

Randomized studies (Figure 35.5)

Nobori vs. first generation DES The NOBORI I trial compared the 
Nobori stent with the Taxus stent. The study was a randomized (2 : 
1), prospective, controlled, non‐inferiority trial with two arms: in 
the NOBORI I Phase I trial patients in the comparator group 
received the Taxus Express PES (Boston Scientific, Natick, MA, 
USA) whereas in the NOBORI I Phase II trial the Taxus Liberté PES 
was used. Overall, 362 patients with up to two de novo lesions in 
two epicardial vessels were included. The primary endpoint was 
angiographic in‐stent LLL at 9 months, while secondary endpoints 
were MACE at 30 days, 4, 9, and 12 months, and yearly up to 5 years. 
In the NOBORI I Phase I, LLL was significantly lower in the Nobori 
group (0.15 ± 0.27 vs. 0.32 ± 0.33 mm; p = 0.006). The NOBORI I 
Phase II proved both the non‐inferiority and the superiority of the 
Nobori stent over the Taxus in terms of LLL (0.11 ± 0.30 vs. 
0.32 ± 0.50 mm; p < 0.001). Binary restenosis and neointimal vol
ume obstruction were also significantly lower in the Nobori group. 
Regarding overall clinical outcomes after 5 years, no differences 
were reported in the composite of death and MI (10.9% vs. 11.2%) 
and the number of TLR was lower in patients treated with the 
Nobori stent (6.3% vs. 16%). The rates of ST were 0.0% and 3.2% in 
the Nobori and Taxus groups, respectively (p = 0.014) [41].

In the SORT‐OUT V trial 2468 patients were randomized (1 : 1) 
to the Nobori or the Cypher stent at three Danish sites. It was a 
non‐inferiority trial and the primary endpoint was a composite of 
cardiac death, MI, definite ST, and TVR at 9 months. Clinical base
line features identified a moderate risk population with a consider
able number of patients in both groups with diabetes, history of PCI 
and ACS at presentation. The primary endpoint occurred in 4.1% of 
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patients in the Nobori group and 3.1% of patient in the SES group 
(p for non‐inferiority = 0.06, and p for superiority = 0.22). However, 
a significantly larger proportion of patients in the Nobori stent 
group had definite ST at 12 months than did those in the SES group 
(0.7% vs. 0.2%, risk difference 0.6%, 95% CI 0.0–1.1; p = 0.034) 
questioning the non‐inferiority of the novel device [42].

Nobori vs. second generation DES The COMPARE II was an open‐
label, prospective, randomized (2 : 1), controlled, non‐inferiority 
trial enrolling 2707 patients (4025 lesions) across 12 European sites 
between January 2009 and February 2011. Patients were rand
omized to receive the Nobori stent (n = 1795) or the thin strut 
Xience stent (n = 912). High‐risk patients were largely represented 
in the study population: 58% presented with an ACS, 22% had dia
betes, and 63.5% of lesions were classified as B2/C type according to 

AHA/ACC classification. At 12 months, the primary endpoint, a 
composite of safety (cardiac death and non‐fatal MI) and efficacy 
(clinically indicated TVR) occurred in 5.2% and 4.8% of patients 
treated with Nobori and Xience, respectively, proving the non‐ 
inferiority of the Nobori stent. Definite ST was 0.7% in the Nobori 
and 0.4% in Xience group [43].

The NOBORI Biolimus‐Eluting Versus XIENCE/PROMUS 
Everolimus‐Eluting Stent Trial (NEXT) was a prospective, multi
center, randomized, open‐label trial evaluating the non‐inferiority 
of the Nobori stent compared with a durable polymer EES (Xience 
or PROMUS) in terms of TLR at 1 year in 3235 patients mainly suf
fering from stable CAD (83% of patients). The study proved the 
non‐inferiority of the Nobori stent with a TLR rate of 4.2% in both 
study arms (p for non‐inferiority <0.0001, and p for superior
ity = 0.93). The cumulative rate of definite ST was also similar 

0
(a)

(c)

(b)
5 10 15 20

NOBORI 1

COMPARE II

NEXT

SORT OUT V

SORT OUT VII

LONG DES V

BASKET-PROVE II

Comparator BMS
Comparator DES
Nobori

0 2 4

NOBORI 1

COMPARE II

NEXT

SORT OUT V

SORT OUT VII

LONG DES V

BASKET-PROVE II

Comparator BMS
Comparator DES
Nobori

NOBORI I Phase 1
(n = 120)

NOBORI I Phase 2
(n = 243)

NEXT
(n = 457)

LONG DES V
(n = 500)

Nobori 
Taxus

Express Nobori
Taxus

Liberté Nobori Xience Nobori Promus

Follow-up 9 months 9 months 8 months 8 months

Late loss
(mm)

0.15 ± 0.27 0.33 ± 0.34 0.11 ± 0.30 0.32 ± 0.50 0.17 ± 0.35 0.14 ± 0.36 0.20 ± 0.41 0.24 ± 0.38

Diameter
stenosis
(mm)

14.0 ± 8 19 ± 10 14 ± 8 21 ± 15 14.8 ± 13.8 14.1 ± 12 17.3 ± 15.6 20.5 ± 13.9

Binary
restenosis
(%)

0 0 0.7 6.2 7.1 7.5 3.7 4.9

TLR (%) 0 2.9 0 1.1 4.2 4.2 0.8 0.4

Figure 35.5 Rates of MACE (a) and ST (b) and key angiographic findings (c) across the main randomized trials evaluating the performance of 
the Nobori stent.
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between the two study groups (0.25 vs. 0.06%; p = 0.18). The angio
graphic sub‐study, including 528 patients, confirmed the non‐ 
inferiority by showing an in‐segment LLL of 0.03 ± 0.39 vs. 
0.06 ± 0.45 mm (p for non‐inferiority <0.0001; p for superior
ity = 0.52) [44]. The safety and efficacy outcomes remained compa
rable through 3 year and beyond 1 year after stent implantation: 
TLR rates were 7.4% and 7.1%, p = 0.8; cardiac death 2.7% vs. 2.4%, 
p = 0.57; MI 4.0% vs. 3.7%, p = 0.72; TVR 11.3% vs. 9.9%, p = 0.21; 
ST 0.31% vs. 0.26%, p = 0.74 in the Nobori and in the EES groups, 
respectively [45].

The SORT OUT VII trial compared the efficacy and safety of the 
thin strut, cobalt‐chromium biodegradable polymer sirolimus‐ 
eluting Orsiro stent (Biotronik, Switzerland) and the Nobori stent 
in 2525 all‐comers patients. At 1 year, the primary endpoint (target 
lesion failure defined as a composite of cardiac death, MI not 
related to other than index lesion, and TLR) occurred in 3.8% of 
patients receiving the Orsiro stent and in 4.6% of patients receiving 
the Nobori stent (p for non‐inferiority <0.0001). Moreover, 
patients treated with the Orsiro stent experienced a significantly 
lower rate of definite ST (0.4% vs. 1.2%, RR 0.33, 95% CI 0.12–0.92; 
p = 0.03) [46].

The randomized, multicenter, prospective LONG‐DES V trial 
compared the Nobori stent with the Promus Element EES (Boston 
Scientific, USA) in 500 patients with long (≥25 mm) coronary 
lesions. In‐segment LLL (primary endpoint) was comparable 
between the two groups at 9 months (0.14 ± 0.38 vs. 0.11 ± 0.37 mm; 
95% CI –0.053 to 0.091; p for non‐inferiority = 0.03, p for superior
ity = 0.45), as well as in‐stent LLL (0.20 ± 0.41 vs. 0.24 ± 0.38 mm; 
p = 0.29). No significant differences in the rate of composite out
come of death, MI, and TVR were reported (41, 16.7% in Nobori 
arm vs. 42, 16.5% in Promus arm; p = 0.94) [47].

However, the performance of the Nobori stent in large vessels 
(≥3.0 mm in diameter) was evaluated in the BAsel Stent Kosten‐
Effektivitäts Trial–PROspective Validation Examination II 
(BASKET‐PROVE II) study, a randomized, multicenter European 

trial assigning, in a 1 : 1 : 1 ratio, 2291 patients to either the Nobori 
or the Xience or to the thin‐strut silicon‐carbide‐coated BMS, 
PRO‐Kinetic (Biotronik). The cumulative incidence of the primary 
endpoint (combined cardiac death, MI, and TVR) was 7.6% with 
the Nobori, 6.8% with Xience, and 12.7% with PRO‐Kinetic. The 
Nobori stent proved non‐inferiority to the Xience (absolute risk dif
ference 0.78%; p for non‐inferiority = 0.042) and superior to BMS 
(absolute risk difference, −5.16; −8.32 to −2.01; p = 0.0011). 
However, the use of the Nobori stent was not associated with an 
improved safety profile because no decrease in the occurrence of 
very late ST was reported [48].

Ongoing studies assessing the performance of the Nobori stents 
are reported in Table 35.4.

The Xtent
The XTENT Custom NX stent (Xtent, Menlo Park, CA, USA) was a 
customizable BES with a modular design made of multiple inter
digitated 6‐mm segments whose length could be customized 
according to the lesion length at the treatment site. This peculiar 
feature had the potential advantage to avoid overlapping stents 
when treating long lesions. Three studies proved the safety and 
effectiveness of this device (CUSTOM I, II, III) in 220 patients. 
However, because of industrial financial difficulties it has not been 
available since August 2009.

evidence from pooled data
The considerable number of studies comparing biodegradable 
 polymer BES with durable‐polymer DES prompt the pooling of the 
available data in several meta‐analyses. Biodegradable polymer BES 
did not significantly reduce the risk of MACE but demonstrated a 
significantly lower risk of very late ST when compared with durable 
polymer DES in a meta‐analysis including eight randomized 
 trials [49]. In a large‐scale network meta‐analysis, biodegradable 

Table 35.4 Ongoing Nobori stent studies.

Study name and/or 
identifier number Sites Design Setting Endpoints

e‐NOBORI Registry 
NCT01261273

Europe
Asia,
Central and 
South America

Observational All‐comers Freedom from TLF (cardiac death, 
target vessel MI and TLR) at 1 year

IRIS NOBORI
NCT01348360

Asia Observational
Comparative (vs. first‐
generation DES)

Non‐selected patients 
with ischemic heart 
disease

Composite of cardiac death, MI, 
and TVR at 1 year

NAUSICA
NCT01401036

Asia Randomized
Nobori vs. uncoated stent

Acute MI MACE at 1 year

BEGIN
NCT01574586

Asia Randomized
Nobori vs. Xience

Patients with stable CAD 
undergoing bifurcation 
lesions PCI

Minimum lumen diameter of the 
side branch ostium in bifurcation 
at 8 months

ISAR‐TEST 6
NCT01068106

Europe Randomized
Nobori vs. Xience

All‐comers Composite of cardiac death, MI, 
and TVR at 1 year

ACS, acute coronary syndrome; CAD, coronary artery disease; DES, drug‐eluting stents; LLL, late lumen loss; MACE, major adverse cardiac events; MI, myocardial 
infarction; PCI, percutaneous coronary intervention; TLF, target lesion failure; TLR, target‐lesion revascularization; TVR, target‐vessel revascularization.
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 polymer BES were associated with superior clinical outcomes com
pared with BMS and first‐generation DES, similar rates of cardiac 
death, MI, and TVR when compared with second‐generation 
durable‐ polymer DES, and higher rate of definite ST compared 
with cobalt‐chromium EES [50].

Safety concerns were also issued by two other network meta‐
analyses assessing the safety and efficacy of durable polymer DES 
and biodegradable polymer BES: at 1 year, higher rates of ST and 
MI were reported for patients treated with BES compared with 
patients receiving new‐generation, cobalt chromium EES [51,52].

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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The Pro‐Kinetic Energy and the Orsiro stent share two main com
ponents: the cobalt chromium platform and the unique passive 
coating (PROBIO).

Cobalt chromium platform
The introduction of cobalt chromium (CoCr) alloys in place of 
stainless steel as metallic platforms when manufacturing coronary 
stents aimed to improve the devices’ properties and their final per
formance. Specifically, the CoCr alloy L605 is comprised of cobalt 
(52%), chromium (20%), nickel (10%), tungsten (15%), manganese 
(1.5%), and iron (3%). Its higher density than stainless steel (9.1 vs. 
8 g/cm3) ensures higher radio‐opacity. Moreover, this platform fea
tures excellent radial strength as a consequence of higher tensile 
strength (1000 vs. 595 MPa) and elastic modulus (243 vs. 193 GPa); 
thinner struts (in the region of 80–90 µm compared to strut thick
nesses of 130–140 µm for earlier 316 L devices); high toughness, 
corrosion resistance, and wear resistance [1,2].

Passive coating
PROBIO is a highly biocompatible, thin‐layer (80 nm), amorphous 
silicon carbide (hydrogen‐rich, phosphorous‐doped modification 
a‐SiC:H coating with two main functions: (i) to reduce the throm
bogenic properties of metal stents and (ii) to promote regenerative 
endothelial coverage. It is deposited onto the surface of the stent 
through a plasma‐enhanced chemical vapor deposition technique.

The coating acts mainly by inhibiting unwanted interactions 
between stent and surrounding tissue which promote platelet 
aggregation, leukocyte and complement activation, smooth muscle 
cell proliferation, and other reactions favoring thrombus formation 
and neointimal hyperplasia.

PROBIO is a “non‐activating passive” biomaterial that blocks 
the electron transfer processes on the stent surface. The latter 
phenomenon results from the contact between the metal plat
form and blood cells and is ultimately responsible for the trans
formation of fibrinogen to fibrin. The unique PROBIO electronic 
structure inhibits the deposition and activation of cells and pro
teins on the stent surface. Moreover, this coating reduces metal 
ion (cobalt, tungsten, nickel, and chromium) diffusion from the 
stent platform by creating a diffusion barrier that seals the bare 

metal surface and prevents corrosion and the associated immune 
vessel reaction [3].

PROBIO has also been proved to facilitate endothelial coverage: 
endothelial cells (the best interface between blood and vessel) have 
shown a superior ability to form a continuous layer on the PROBIO‐
coated stent surface than on the 316 L stent surface [4].

Carrie et al. [5] evaluated the performance of the a‐SiC:H coated 
stainless steel Tenax stent in 241 moderate‐risk patients: successful 
deployment without procedural or clinical events were recorded in 
95.4% of patients, with a 7.1% 1‐year target lesion revascularization 
(TLR) rate and 15.8% 1‐year incidence of major adverse cardiac 
events (MACE). The Tenax for the Prevention of Restenosis and 
Acute Thrombotic Complications, a Useful Stent Trial in Patients 
with ACS (TRUST) study randomly assigned 485 patients with 
unstable angina to percutaneous coronary intervention (PCI) with 
a Tenax stent or non‐coated stent. In the subgroup of patients 
with Braunwald IIIB symptoms, those receiving a Tenax stent, com
pared to those receiving a non‐coated stent, had a lower incidence 
of death, myocardial infarction (MI), or ischemia‐driven target ves
sel revascularization (TVR) at 6 months (4.7% vs. 15.3%; p = 0.02) 
with a trend to reduced events at 9‐ and 18‐month follow‐up [6].

PRO‐Kinetic Energy
The PRO‐Kinetic coronary stent system is a cobalt chromium alloy 
tubular stent sculpted by laser from a single tube of L‐605 CoCr 
alloy, pre‐mounted on a semi‐compliant, low profile balloon. The 
stent consists of circular segments at each end followed by a transi
tion zone and helicoidally arranged struts in the middle. Each loop 
of the helix is connected to the next loop by three longitudinal 
struts. The three main stent components have a specific role: (i) 
helical meanders give flexibility to the stent and allow a smooth 
crimped profile; (ii) wedge‐shaped transitions at the stent ends 
allow consistent scaffolding throughout the entire length of the 
stent; (iii) longitudinal connectors provide stability and support. 
The strut thickness is 60 µm/0.0024 inch per 2.0–3.0 mm stent, 
80 µm/0.0031 inch per 3.5–4.0 mm stent, and 120 µm/0.0047 inch 
per 4.5–5.0 mm stent. The delivery system consists of a rapid 
exchange catheter (5 Fr compatible) with the PANTERA balloon 
(made of semi‐crystalline co‐polymer material); the enhanced force 
transmission (EFT) shaft improves kink resistance and pushability 
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because of the gradual transition from the proximal to the distal 
part of the shaft. Device crimping is achieved through an advanced 
thermal technique ensuring secure stent retention forces as well as 
a smooth, low crossing profile (0.95 mm/0.037 inch).

Clinical evidence
The PRO‐Heal registry included 145 patients with symptomatic 
coronary artery disease (CAD) treated with the PRO‐Kinetic stent 
(161 lesions, 59% B2 and C lesions according to AHA/ACC classifi
cation) at a single German center, between February 2006 and June 
2007. Procedural success was achieved for almost all patients 
(141/145, 97.2%). After 6 months, late lumen loss (LLL) was 
0.75 ± 0.71 mm (in‐stent) and 0.79 ± 0.72 mm (in‐segment); TLR 
occurred in 4.9% of patients and the MACE rate was 5.6%. These 
results were considered encouraging and achieved through the ben
eficial effect of the passive coating on endothelial coverage [7].

Kornowski et al. [4] conducted a single‐center, non‐randomized, 
consecutive registry to evaluate the short and intermediate‐term clini
cal performance of the PRO‐Kinetic coronary stent in 515 all‐comers 
patients (540 lesions) with moderate–high clinical and angiographic 
profile risk. At 6 months they reported a MACE rate of 8.7% (3.5% 
mortality, 1.9% cardiac mortality, 1.4% of any MI, TVR 6.4%).

The larger MULTIBENE study was a prospective, non‐ randomized 
study including 202 patients with single de novo lesions treated 
with the PRO‐Kinetic stent at 10 European sites. At 6 months, the 
primary endpoint, target vessel failure (TVF), defined as a compos
ite of cardiac death, MI, and TVR, occurred in 10.9% of patients 
while the rate of MACE (a composite of cardiac death, MI, TLR, 
and coronary artery bypass graft, CABG) was 11.4%. No cardiac 
death or stent thrombosis (ST) occurred. In‐segment LLL was 
0.66 ± 0.61 mm and binary restenosis was 20.8%, as determined in 
the angiographic subgroup including 72 subjects [8].

The ENERGY registry was a prospective, non‐randomized, multi
center, observational registry evaluating the safety and effectiveness 
of the PRO‐Kinetic stent in 1016 all‐comers patients (1074 lesions, 
61% A/B1). MACE (composite of cardiac death, MI, and clinically 
driven TLR) rates at 6, 12, and 24 months were 4.9%, 8.1%, and 
9.4%; TLR rates were 2.8%, 4.9%, and 5.4%, and definite ST rates 
were 0.5%, 0.6%, and 0.6%, respectively [9].

The Efficacy and Safety of PRO‐Kinetic Metal Alloy Stent in 
Hospitalized Patients with Acute ST‐Elevation Myocardial 
Infarction (PROMETHEUS) was a prospective, open‐label, single‐
arm cohort design involving multiple Korean sites. A total of 64 
patients undergoing primary PCI were enrolled. Procedural success 
was achieved in 100% of the lesions. There was one case of in‐ hospital 
death resulting from cardiac tamponade. At 6 months’ clinical 
 follow‐up, the rate of MACE (defined as all‐cause death, new MI, 
and TLR) was 7.8% with TLR occurring in four patients (6.3%). 
Angiographic follow‐up data were available for 42 patients (65.6%) 
and showed an in‐stent LLL of 1.02 ± 0.62 mm and in‐segment LLL 
of 0.99 ± 0.64 mm. Binary restenosis occurred in 53% of lesions with 
reference vessel diameters (RVDs) ≤3.0 mm, 25% of lesions with 
RVDs between 3.0 and 3.5 mm, and 0% of lesions with RVDs 
>3.5 mm (p = 0.006), suggesting a better performance of the stent in 
large vessels [10].

Similar results were reported for a retrospective study on a cohort 
of 117 patients presenting with acute coronary syndrome (32% 
unstable angina, 36% non‐ST‐segment elevation myocardial infarc
tion (NSTEMI), 33% ST‐segment elevation myocardial infarction 
(STEMI). MACE rates were 8.5% and 11.1% at 6 and 12 months’ 
follow‐up, respectively. The incidence of cardiac death, MI, and 

TLR was 2.6%, 3.4%, and 2.6%, respectively, at 6 months, and 4.3%, 
4.3%, 2.6%, respectively, at 12 months [11].

In the PRO‐Vision Study, the PRO‐Kinetic stent was compared 
with an uncoated stent with the same alloy (MULTI‐LINK VISION; 
Abbott Vascular, Santa Clara, CA, USA) in terms of 1‐year rate of 
TLR (defined as either reintervention in the stent, including 5‐mm 
proximal and distal margins, or CABG because of restenosis). In 
the PRO‐Kinetic group (n = 1353) TLR was significantly higher 
(9.0% vs. 5.6%; unadjusted OR 1.61, 95% CI 1.24–2.08; p <0.001) 
than the Vision group (n = 1378). Even after adjustment for multi
ple factors (post‐intervention minimal luminal diameter, total 
implanted stent length, NSTEMI or unstable angina at presentation, 
triple vessel stenting), the use of PRO‐Kinetic stents remained an 
independent predictor for revascularization (adjusted OR 1.57, 95% 
CI 1.18–2.10; p = 0.002) [12].

The BIOHELIX‐I (NCT01612767) is a prospective, non‐ randomized, 
multicenter study to support the US Food and Drug Administration 
approval of the PRO‐Kinetic stent. It has recently completed the 
 enrolment of 329 patients in the USA, Europe, and South America. The 
primary endpoint for the study is the rate of TVF, encompassing 
 cardiac  death, MI, and ischemia‐driven TVR, 9 months after stent 
implantation.

Orsiro
The Orsiro stent consists of an ultrathin (60 µm) CoCr alloy plat
form with a hybrid combination of passive and active coatings: the 
PROBIO (silicon carbide) and the high molecular poly‐L lactic acid 
(PLLA) polymer. This polymer compound is used as a carrier for 
the supply and release of sirolimus and completely degrades during 
a period of 12–24 months (Figure  36.1). PLLA and the drug are 
mixed in a matrix (BIOlute) that completely coats the stent body 
surface; it has an asymmetric thickness (7.5 µm abluminal and 
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Figure 36.1 Metabolism of poly‐L‐lactic acid (PLLA). Hydrolysis of 
PLLA results in the loss of molecular weight, and reduction in strength 
and mass; ultimately the PLLA is metabolized into lactic acid, carbon 
dioxide (CO2), and water (H2O).
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3.5 µm luminal) enabling a greater drug dose on the abluminal side. 
The drug load is 1.4 µg/mm2 stent surface. The thickness of the 
coated stent struts is 60 µm for stents with a nominal diameter of 
2.25–3.0 mm and 80 µm for the two larger sizes (3.50–4.00 mm).

Clinical evidence
Table 36.1 provides an overview of completed and ongoing studies 
evaluating the performance of the Orsiro stent.

The BIOFLOW‐I was a prospective first‐in‐man trial including 
30 patients with significant (diameter stenosis 50–90%) single de 
novo lesion in one coronary artery (with a reference vessel diameter 
between 2.5 and 3.5 mm and lesion length ≤22 mm) treated with the 
Orsiro stent at two sites in Romania. Patients were all followed up 
with angiography at 4 and 9 months and a small subgroup (15 
patients) also had a concomitant intravascular ultrasound (IVUS) 
evaluation. Angiographic LLL was 0.12 ± 0.19 mm and 0.05 ± 0.22 mm 
at 4 and 9 months, respectively. At 1 year, the composite MACE (car
diac death, ischemia‐driven TLR, and target vessel MI) was 10%. 
There was no report of ST. The IVUS analysis showed that the 
majority of patients did not develop any neointimal hyperplasia with 
a volume obstruction not measurable (0%) and extremely small 
(0.07%) at 4 and 9‐month follow‐up, respectively [13].

The multicenter, randomized BIOFLOW‐II trial established the 
non‐inferiority of the Orsiro stent compared to the durable polymer 
everolimus‐eluting Xience stent (X‐EES) in a total of 452 patients 
with stable or unstable CAD. The primary endpoint, LLL at 9 
months, was 0.10 ± 0.32 mm in the Orsiro group vs. 0.11 ± 0.29 mm 
in the X‐EES group (95% CI 0.06–0.07; p for non‐inferiority 
<0.0001). At 1 year, similar rates of target lesion failure (TLF) were 
reported (6.5% vs. 8.0%, HR 0.82, 95% CI 0.40–1.68, log rank test; 
p = 0.58) without cases of ST. This trend was confirmed at 2 years in 
the overall population (10.0% vs. 8.4%; p = 0.5648) as well as in the 
diabetic subgroup (n = 128, 9.7% vs. 9.1%; p = 0.8975) and in patients 
with small vessels disease (n = 259, 9.4% vs. 13.3%; p = 0.3153).

At 9 months, two subgroups of patients were followed up with 
serial optical coherence tomography (OCT) and IVUS (n = 55 and 
56, respectively). OCT showed similar neointimal thickness among 
lesions allocated to Orsiro and X‐EES (0.10 ± 0.04 mm2 vs. 
0.11 ± 0.04 mm2; p = 0.37) whereas a potential difference in neointi
mal area at follow‐up was argued by IVUS (Orsiro: 0.16 ± 0.33 mm2 
vs. X‐EES: 0.43 ± 0.56 mm2; p = 0.04) [14,15].

The multicenter randomized BIOSCIENCE trial proved the non‐
inferiority of the Orsiro stent to the X‐EES in a broad population 
including 2119 patients with stable CAD or acute coronary syn
dromes (ACS). There was no significant difference in the rate of the 
primary endpoint, TLF (composite of cardiac death, target vessel 
MI, and clinically indicated TLR) at 12 months: 6.5% in patients 
assigned to the Orsiro group (n = 1063) and 6.6% in patients 
assigned to the X‐EES group (n = 1056) (p for non‐inferiority 
<0.0004). Similarly, no significant differences were reported for 
definite ST (0.9% vs. 0.4%; p = 0.16) (Figure 36.2). This trend was 
preserved up to 2‐year follow‐up (TLF 10.5% vs. 10.4%, RR 1.00, 
95% CI 0.77–1.31; p = 0.979). Two pre‐specified subgroup analyses 
were performed to assess the outcomes in patients with STEMI at 
presentation (n = 407) and in patients with diabetes mellitus 
(n = 486). Improved clinical outcomes were reported for STEMI 
patients treated with the Orsiro as compared with the X‐EES (TLF 
3.3% vs. 8.7%, RR 0.38, 95% CI 0.16–0.91; p = 0.014) whereas the 
non‐inferiority to the X‐EES was confirmed among the high‐risk 
diabetic patients (TLF 10.9% vs. 9.3%, RR 1.19, 95% CI 0.67–2.10; 
p = 0.56) [16,17].

In order to monitor the performance of the Orsiro in the real‐
world practice, the BIOFLOW‐III was initiated as an international, 
prospective, multicenter, open‐label study. It included 1356 all‐
comers patients between August 2011 and March 2012. At 1 year, 
the primary endpoint (TLF defined as composite of cardiac death, 
target vessel Q‐wave or non‐Q wave MI, emergent CABG, clinically 
driven TLR) occurred in 5.1% of patients. A comparable perfor
mance was reported in subgroups of patients with multivessel 
 disease and acute MI [18].

In the prospective multicenter HATTRICK‐OCT study, 44 
patients presenting with ACS were randomly assigned (1 : 1) to be 
implanted with the Orsiro stent or with the Resolute zotarolimus‐
eluting stent (R‐ZES) with the aim of comparing tissue coverage 
and apposition by OCT after 3 months. The percentages of uncov
ered and malapposed struts were significantly lower in patients 
treated with the Orsiro (3.9% and 2.6% vs. 8.9% and 5.3%, respec
tively). To test the effect of stent composition on coronary vasodila
tor function, coronary flow reserve (CFR) was also measured at the 
procedure. However, no significant differences were found [19].

The SORT OUT VII compared the efficacy and safety of the 
Orsiro stent and the Nobori stent in 2525 all‐comers patients. At 1 
year, the primary endpoint (TLF defined as a composite of cardiac 
death, MI not related to other than index lesion, and TLR) occurred 
in 3.8% of patients receiving the Orsiro stent and in 4.6% of patients 
receiving the Nobori stent (p for non‐inferiority <0.0001). 
Moreover, patients treated with the Orsiro experienced a signifi
cantly lower rate of definite ST (0.4% vs. 1.2%, RR 0.33, 95% CI 
0.12–0.92; p = 0.03) [20].

absorbable metal scaffolds
The evolution of the Biotronik Absorbable Magnesium Scaffolds is 
depicted in Table 36.2.

Magnesium in bioresorbable devices
Magnesium is a mineral with an essential role for human physiol
ogy: it is responsible for bone metabolism, supports the immune 
functions, helps to maintain normal muscle and nerve function, 
and has a role in maintaining a normal heart rhythm. It is also a 
biocompatible metal whose two major limitations are low corro
sion resistance and insufficient mechanical strength. As conse
quence, alloys with other metals such as calcium, zinc, manganese, 
and other rare earth elements have been developed for specific use 
into bioresorbable and biocompatible implant materials. These 
alloys have a strength‐to‐weight ratio comparable with that of 
strong aluminum alloys and alloy steels [21]. Because of its unique 
electrochemical properties, magnesium is more electronegative 
than other metals used for implants and has shown antithrombo
genic properties in vivo [22,23]. Heublein et al. [24] were the first 
to investigate magnesium alloys for cardiovascular stents. They 
implanted an AE21 alloy stent in the coronary artery of experi
mental animals and observed a negligible inflammatory response 
up to 56 days. The Lekton Magic coronary stent (made of the 
WE43 magnesium alloy) was then produced by Biotronik and 
tested in porcine coronary arteries. Despite not being associated 
with larger lumen, at 28 days and 3 months neointimal area was 
significantly lower in magnesium alloy stent vessel segments than 
stainless steel vessel segments [25].

The first successful implantation of a biodegradable metal stent 
in human was performed by Zartner et al. [26] in the left pulmo
nary artery of a preterm baby with a congenital heart disease.
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First‐generation magnesium absorbable 
vascular scaffold
The balloon‐expandable AMS‐1 is composed of 93% magnesium 
and 7% rare earth metal. It is laser cut from a WE‐43 magnesium 
alloy tube into sinusoidal in‐phase hoops linked by straight bridges. 
Strut thickness is 165 µm; its crossing profile is 1.2 mm. It is radio
lucent and does not contain radio‐opaque markers. The device has 
a low elastic recoil (less than 5%) and a good initial radial strength 
with high collapse pressure (0.8 bar), similar to traditional stainless 
steel stents; however, it only provides radial support for 1–2 weeks. 
It is rapidly endothelialized and mostly degraded into inorganic 
ions within 60 days. However, this process does not induce a sus
tained inflammatory vessel reaction [25].

The PROGRESS AMS was a first‐in‐man, single arm study 
assessing the feasibility and the safety of the AMS‐1 in 63 patients 
with single de novo coronary lesions. Although no event of death, 
MI, or ST was reported up to 1 year, the long‐term patency was 
disappointing with a TLR rate of 23.8% at 4 months and 45% at 12 
months. The LLL was 1.08 ± 0.49 mm and resulted from a faster 
than expected scaffold degradation resulting in an insufficient 
radial strength and vessel recoil. Intravascular imaging showed 
complete scaffold resorption at 4 months and the significant reduc
tion of luminal dimensions were attributed for 45% to neointima 

formation, 42% to negative remodeling, and 13% to an increase in 
the plaque area outside the stent [27,28].

New magnesium absorbable vascular scaffolds
The findings of the PROGRESS AMS study prompted the develop
ment of ameliorated scaffolds to address the exaggerate vessel recoil 
by increasing the degradation time. The 6‐Fr compatible, pre‐
mounted AMS‐2 featured a different alloy (with >90% magnesium, 
zirconium, yttrium, and rare earth metals) and a new design with a 
square cross‐sectional shape of the strut (no more rectangular) and 
a reduced strut thickness (120 µm). The new alloy was slower 
resorbable and with a higher collapse pressure than AMS‐1 (1.5 vs. 
0.8 bar). The device showed prolonged mechanical integrity, 
improved radial strength and reduced neointimal proliferation in 
animal studies but was not tested in humans [29].

The AMS‐3 (drug‐eluting AMS, DREAMS) was coated with the 
poly(lactide‐co‐glycolide) (PLGA), a bioresorbable matrix (1 µm) 
for the controlled release of paclitaxel (0.07 µg/mm2). The best lac
tide to glycolide ratio for the PLGA polymer formulation, ensuring 
the optimal resorption time and drug elution, was established by 
experimental studies: 73 magnesium scaffolds with different com
binations of lactide to glycolide and 36 control stents (18 TAXUS 
Liberté, 18 eucaTAX) were implanted in porcine coronary arteries. 

0

1

2

3

4

5

6

7

8

9

C
lin

ic
al

ly
 in

d
ic

at
ed

 T
LR

 (
%

)

0 30 60 90 120 150 180 210 240 270 300 330 365

0

1

2

3

4

5

6

7

8

9

Ta
rg

et
 v

es
se

l M
I (

%
)

0 30 60 90 120 150 180 210 240 270 300 330 365

Number at risk Number at risk
Days since index procedure Days since index procedure

Days since index procedure Days since index procedure

0

1

2

3

4

5

6

7

8

9

C
ar

d
ia

c 
d

ea
th

 (
%

)

0 30 60 90 120 150 180 210 240 270 300 330 365

Rate ratio = 0.91 (95% CI 0.50-1.67), p = 0.77

1063 1044 1028 1025 1022 1021 1017 1016 1013 1009 1006 1004 987
1056 1043 1031 1030 1028 1027 1025 1025 1024 1018 1015 1012 991

Rate ratio = 0.97 (95% CI 0.58-1.60), p = 0.90

1063 1027 1009 1006 1002 1000 993 992 986 983 979 977 959BP SES
1056 1024 1010 1009 1006 1005 1002 1001 997 990 986 982 961DP EES

Number at risk

BP SES
DP EES

Rate ratio = 1.42 (95% CI 0.85-2.37), p = 0.18

1063 1038 1019 1015 1008 1003 996 992 984 981 976 974 957BP SES
1056 1038 1023 1021 1018 1016 1014 1012 1007 997 993 988 969DP EES

Number at risk

BP SES
DP EES

Rate ratio = 0.99 (95% CI 0.71-1.38), p = 0.95

0

1

2

3

4

5

6

7

8

9

Ta
rg

et
 le

si
o

n
 f

ai
lu

re
 (

%
)

1063 1025 1004 1000 993 988 980 977 967 964 960 958 941
1056 1021 1004 1002 998 996 994 991 985 975 971 966 945

0 30 60 90 120 150 180 210 240 270 300 330 365

1.9% - BP SES

2.1% - DP EES

2.9% - DP SES

3.0% - DP EES
3.4% - BP SES

2.4% - DP EES

6.7% - BP SES

6.7% - DP EES
Rate ratio = 0.99 (95% CI 0.71-1.38), p = 0.95

(c) (d)

(a) (b)

Figure 36.2 Results of the BIOSCIENCE trial. Time‐to‐event curves for the primary endpoint (target lesion failure) and the individual compo-
nents of the primary endpoint up to 12 months follow‐up. Target lesion failure (a), cardiac death (b), target vessel myocardial infarction (c), 
clinically indicated target lesion revascularization (d).
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The formulation with 85 : 15 high‐molecular‐weight ratio was 
equivalent to TAXUS Liberté and superior to eucaTAX regarding 
LLL, intimal area, fibrin score, and endothelialization. The study 
allowed the identification of two phases in the resorption process of 
magnesium: (i) in the acute phase, the presence of water caused the 
formation of a mixture of magnesium hydroxide, oxygen, and mag
nesium carbonate; (ii) later, ions from surrounding tissue form a 
compound of amorphous calcium phosphate that fills the voids 
previously occupied by the dissolved struts (Figure 36.3).

The scaffold is balloon‐expandable (semi‐compliant) and is 
 centered between two radio‐opaque markers guiding proper 
 positioning under fluoroscopy. It is available in the following 
dimensions: 3.25 or 3.5 mm in diameter and 16 mm in length.

The first‐in‐man BIOSOLVE‐I trial assessed the safety and the 
performance of this device in 46 patients (47 lesions) enrolled at 
five European centers. Device and procedural success was 100%. 
The primary endpoint, target lesion failure (defined as a composite 
of cardiac death, target vessel MI, and clinically driven TLR) 
occurred in two patients (4%) at 6 months and three (7%) at 12 
months (two clinically driven TLRs and one peri‐procedural MI). 
No events of cardiac death or scaffold thrombosis were reported.

The in‐scaffold LLL was 0.65 ± 0.5 mm at 6 months and 
0.52 ± 0.39 mm at 12 months. Serial OCT performed in seven 
patients (5791 struts) showed 92.7% of apposed struts at 6 months 
and 99.8% at 12 months with only 0.1% persistent incomplete strut 
apposition and 0.1 late acquired incomplete strut apposition. 
A restoration of vessel geometry was also noted at 6 months, with 
the angulation of the treated segments reported to increase from 
14.9 ± 12.0 immediately post‐procedure to 26.1 ± 15.9 at late 
 follow‐up [30].

The second‐generation DREAMS, DREAMS 2G, has a modified 
platform (WE43 alloy with 6‐crown 2‐link design and a strut thick
ness of 150 µm) with radio‐opaque markers (tantalum) at both 
ends. The scaffold is coated with a bioresorbable polylactic acid 
polymer (7 µm) and elutes sirolimus at a dose of 1.4 µg/mm2. It is 
currently being evaluated in the BIOSOLVE‐II (NCT01960504), a 
prospective, multicenter trial aiming at the enrollment of 121 
patients with de novo lesions in up to two coronary arteries. The 
primary endpoint is in‐segment LLL at 6 months. Clinical out
comes will be assessed up to 3‐year follow‐up.

Table 36.2 Absorbable magnesium scaffolds.

AMS 1 AMS 2
AMS 3
(DREAMS 1G) DREAMS 2G

Alloy WE43 Refined WE43* Refined WE43* Refined WE43*

Drug
(dose)

No No Paclitaxel
(0.07 µg/mm2)

Sirolimus
(1.4 µg/mm2)

Polymer No No PLGA PLLA

Scaffold design 4 crown/4 link 4 crown/4 link 6 crown/3 link 6 crown/2 link
Two markers

Strut thickness
(µm)

165 120 120 150

Magnesium absorption time (months) 1 2 3 12

Trials PROGRESS AMS No BIOSOLVE‐I BIOSOLVE II
(ongoing)

Late lumen loss (mm) 0.83 ± 0.51
(at 4 months)

– 0.64 ± 0.50
(at 6 months)
0.52 ± 0.39
(at 12 months)

–

PLGA, Poly(lactide‐co‐glycolide); PLLA, Poly(L‐lactic acid).
* >90% Magnesium, zirconium, yttrium, and rare earth metals.

Mg MgMg

Acute 3 months 6 months 9–12 months

Drug elution
Mg absorption

Polymer degradation

Mg product disintegration

Mg + H20 → Mg(OH)2+ H2 Ca2+ and PO3
4
– ions from

surrounding tissue → amorphous
calcium phosphate

Mg Alloy

Polymer
Mg degradation product

Figure 36.3 Resorption rates of metal scaffolds. Drug release occurs 
within the first 3 months after device implantation. Magnesium (Mg) 
resorption starts early through hydrolysis whereas polymer biodegra-
dation occurs at 6–12 months after implantation.
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PK Papyrus stent
The PK Papyrus (Conformité Européenne (CE) marked in 2013) is 
a covered coronary stent system indicated for acute coronary artery 
perforations. It shares with the PRO‐Kinetic and the Orsiro stent 
the common CoCr L‐605 platform with the amorphous silicon 
 carbide coating. Moreover, it has a unique single‐layer coating 
made of 90 µm polyurethane membrane through an electrospin
ning  process. The thin coating enables a 24% lower crossing profile 
in comparison with other covered devices. It is 5 Fr compatible and 
is available in a wide range of size (2.5–5.0 mm in diameter and 
15–26 mm in length).

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Drug‐eluting stents (DES) were primarily conceived to reduce in‐
stent neointimal formation and therefore minimize the occurrence 
of restenosis, the major drawback of percutaneous coronary inter-
ventions (PCI) with plain old balloon angioplasty (POBA) and 
bare‐metal stents (BMS) [1–4]. The development of DES has been 
pioneered through a combination of increased understanding of 
the biology of restenosis, the selection of drugs that target one or 
more pathways in the restenotic process, controlled‐release drug 
delivery strategies, and the use of the stent as a delivery platform. 
Therefore, the clinical effects of DES are highly dependent on each 
of the components of the complex platform–drug–polymer, as well 
as the interactions among these elements.

Although first‐generation DES Cypher (sirolimus‐eluting stent; 
Cordis, Johnson & Johnson, Warren, NJ, USA) and Taxus (paclitaxel‐
eluting stent; Boston Scientific, Natick, MA, USA) have effectively 
achieved their main goal, reducing restenosis across virtually all 
lesions and patients subsets [5–11], their safety has been limited by 
suboptimal polymer biocompatibility, delayed stent endothelializa-
tion leading to late and very late thrombosis, and local drug toxicity 
[12–17], which ultimately prompted the development of biodegrad-
able and polymer‐free DES systems.

Additional improvements include the development of more 
modern platforms (e.g., better deliverability, radiopacity, flexibility, 
and radial strength) as well as the use of novel antiproliferative 
agents or reduced doses of current approved antiproliferative drugs.

It is important to highlight that the level of efficacy and long‐term 
safety achieved with the current generation of durable and biode-
gradable polymer DES systems is very high and difficult to surpass. 
The current focus of metallic DES research is on the development of 
technologies to promote faster vessel healing allowing the shorten-
ing of dual antiplatelet therapy (DAPT) and therefore minimizing 
the bleeding risks associated with these medications [18,19].

This chapter briefly describes the main recent modifications in 
DES systems with emphasis on changes in metallic platforms, 
development of novel antiproliferative agents, and the ways to carry 
and control their distribution in the coronary artery, highlighting 
novel durable and biodegradable polymer coatings as well as non‐
polymeric DES systems.

Metallic platforms
Metallic alloys
Available DES platforms vary in metallic composition, strut design, 
and thickness. All these parameters have an important role. The 
main metallic alloys available for the stent platform include 316 L 
stainless steel, cobalt chromium (CoCr), platinum chromium 
(PtCr), nitinol, and tantalum.

For the first‐generation of DES struts, including Cypher® and 
Taxus®, the predominant material used was 316 L stainless steel. 
This alloy has low elastic recoil (<5%), good radial strength, and 
excellent processing properties. Conversely, among its limitations, 
relatively low radio‐opacity and flexibility as well as higher nickel 
content, which might trigger local inflammatory responses and 
restenosis, represent the major drawbacks of this alloy [20].

Most currently available DES systems use CoCr alloys (L605) in 
their platforms, which can provide superior radial force and better 
radio‐opacity, with significantly thinner struts. CoCr appears to 
minimize the adverse proliferative response that accompanies the 
incorporation of other alloys (e.g., gold, nickel, molybdenum, and 
chromium), while enhancing visibility and flexibility. Although 
there is some evidence that the strut thickness of BMS can influence 
rates of restenosis and target lesion revascularization (TLR) [21–23], 
it is still unclear whether this association applies in a similar man-
ner to DES. Recent experimental data suggested that strut thickness 
is positively correlated with less thrombus formation on the surface 
of the stent [24].

More recently, platinum alloys have been incorporated into clini-
cal practice. As potential advantages, this metal is twice as dense as 
iron and cobalt, more malleable, corrosion and fracture‐resistant, 
which allows the achievement of even thinner struts with equal or 
better radio‐opacity. Also, the amount of nickel in platinum alloys 
is reduced, minimizing the potential disadvantages associated with 
this metal.

For novel self‐expandable stents (e.g., Cardiomind™, Axxess™, 
STENTYS™), nitinol, an alloy of nickel and titanium, has been 
used as the predominant material because of its unique shape 
memory, biocompatibility, fatigue resistance, and superelastic 
properties.
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Stent and strut design
Basically, there are two stent designs: coil and slotted tube. However, 
platforms can also vary according to the percentage of metal cover-
age, number of struts, and strut thickness and morphology. Most of 
the currently used DES have a slotted tube and open cell design. 
While open cell stents tend to be easier to navigate in challenging 
coronary anatomies and also provide easier access to side branches, 
they also have less radial strength and less coverage of the lumen, which 
can impact drug distribution in tortuous anatomies. Additionally, to 
minimize edge barotrauma preventing dissections, current stents have 
round struts.

Medtronic has recently developed a novel non‐slotted tube 
design consisting of a single, continuous strand of wire formed into 
sinusoid. The stent is then wrapped in a helical pattern to ensure 
maximum flexibility and conformability. This concept will be tested 
in their all‐new polymer free drug‐filled stent (DFS).

Delivery systems
Although the first metallic stent used in humans for PCI was a  self‐
expanding Wallstent [25], the vast majority of current DES use 
 balloon‐expandable delivery technology.

None of the self‐expanding stents has found broad application in 
the clinical scenario, mainly because of the drawbacks associated 
with this technology, such as the need to precisely match stent size 
to vessel size; different and sometimes technically challenging 
release mechanisms; and stent foreshortening during deployment. 
However, at present, a few dedicated self‐expanding devices are 
being used in niche situations such as bifurcations (Axxess™, 
Stentys™, Capella™) [26–28], STEMI (Stentys™) [29], and small 
 vessels (Cardiomind™) [30].

antiproliferative agents
The ideal antiproliferative agent would be able to suppress excessive 
neointimal growth, with selectivity for suppression of smooth cell 
proliferation while maintaining endothelial cell proliferation and 
function. Additionally, it would have a wide therapeutic window 
and low inflammatory potential.

The antiproliferative efficacy of a drug is linked to its local phar-
macokinetics and physicochemical properties (e.g., more lipophilic 
agents are non‐soluble in water and tend to stay longer in the local 
tissue with better and more homogeneous distribution into the 
arterial wall) and to the stent strut configuration (e.g., open vs. 
closed‐cell design, stent–artery coverage).

Most of the currently available DES use limus‐related drugs, such 
as sirolimus, everolimus, Biolimus A9, zotarolimus, and novolimus. 
These agents bind to intracellular receptor FKBP‐12 and inhibit the 
mammalian target of rapamycin (mTOR), blocking the cell cycle of 
the smooth muscle cell (SMC) from the G1 to S phase [31,32].

Sirolimus was the first member of the limus family to be success-
fully used to prevent restenosis after PCI. The other currently used 
limus agents are usually synthetic or semi‐synthetic analogs of 
sirolimus with modification in the hydroxyl group at position C40 
(everolimus and zotarolimus) or position 42‐O (Biolimus A9), or by 
the removal of a methyl‐group from carbon C16 (novolimus). 
Although these modifications impact their pharmacokinetics, these 
limus agents have been proven to be very effective antiproliferative 
agents in the clinical scenario.

An alternative to the limus agents is paclitaxel, which stabilizes 
the microtubules, thereby inhibiting cell division in the G0/G1 and 
G2/M phases. This agent has many favorable characteristics for 

local drug delivery, such as high degree of lipophilicity and long‐
lasting antiproliferative effects at relatively low concentrations. 
However, its beneficial anti‐restenotic effects have been associated 
with local cytotoxicity and cell necrosis [33,34]. For this reason, 
limus family antiproliferative agents have been preferred.

polymer coatings and alternative drug 
release technologies
Polymers serve as the interface between the stent and vascular 
 tissue and function as the antiproliferative drug carrier, also con-
trolling its release. Additional coating layers are found in many 
DES, and consist of either a top coating, to delay the drug release, or 
a base coating, to increase polymer adherence to the stent struts.

Both first‐generation DES (Cypher and Taxus) used durable 
thick polymers to carry and control the release of their antiprolif-
erative agents. The permanent presence of these polymers has been 
correlated to inflammatory responses and local toxicity in preclini-
cal analysis [35–38]. Furthermore, durable polymers used in first‐
generation DES have been associated with mechanical complications 
(e.g., polymer delamination and “webbed” polymer surface leading 
to stent expansion issues) and non‐uniform coating resulting in 
erratic drug distribution.

As a consequence, in recent years, the focus of clinical research 
has been on the development of novel drug carrier systems includ-
ing more biocompatible durable polymers, biodegradable polymers, 
and non‐polymeric stent surfaces.

Biodegradable polymers allow drug elution by drug diffusion or 
matrix degradation while durable polymers use particle dissolution. 
Conversely, non‐polymeric DES systems incorporate alternative 
technologies such as reservoirs, surface modifications, and nano‐
particles to carry and control the release of antiproliferative agents.

Current durable polymer DES
Although the current trend in DES development has moved toward 
biodegradable and polymer‐free systems, three of the most used 
DES worldwide, Xience/Promus everolimus‐eluting stent and 
Resolute zotarolimus‐eluting stent, still follow the durable polymer 
concept. Both devices have built a strong body of scientific evidence, 
both in terms of efficacy and safety, and therefore have become the 
“gold standard” for novel technologies to be compared to.

Compared with the first generation of DES with durable poly-
mers, these new devices not only incorporate more biocompatible 
materials such as acrylic and fluoro polymers but also change the 
metallic alloy on their platforms (from stainless steel to CoCr or 
PtCr) achieving thinner struts and lower crossing profiles to tackle 
more cumbersome anatomies. Their efficacy and safety has been 
tested in controlled trials in the most varied and complex patient 
profiles and coronary anatomies, with outstanding results. To sum-
marize their clinical evidence, two recent meta‐analyses showed 
their superiority over other clinically available devices.

Bangalore et al. [39], analyzing the outcomes of 258,544 patient‐
years of follow‐up enrolled in 126 randomized trials showed that 
among all stent types, the newer generation durable polymer DES 
(zotarolimus‐eluting stent Resolute, CoCr everolimus‐eluting 
stents, and PtCr everolimus‐eluting stents) were the most effica-
cious stents (lowest target vessel revascularization rates), and CoCr 
everolimus‐eluting stents were the safest with significant reductions 
in definite stent thrombosis (rate ratio 0.35, 0.21–0.53), myocardial 
infarction (MI) (0.65, 0.55–0.75), and death (0.72, 0.58–0.90) 
 compared with BMS [39].
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Windecker et  al. [40] investigated whether revascularization 
improves prognosis compared with medical treatment among 
patients with stable coronary artery disease. In order to achieve this, 
the authors built a Bayesian network meta‐analysis to combine direct 
within‐trial comparisons between treatments with indirect evidence 
from other trials while maintaining randomization. A total of 93,553 
patients with 262,090 patient‐years of follow‐up were included from 
100 randomized clinical trials. All PCI strategies, including POBA, 
BMS, and durable DES (first and newer generations) were included 
and compared with coronary artery bypass grafting (CABG) and 
medical treatment. They concluded that among patients with stable 
coronary artery disease, CABG reduces the risk of death, MI, and 
subsequent revascularization compared with medical treatment. All 
stent‐based coronary revascularization technologies reduce the need 
for revascularization to a variable degree. However, only newer gen-
eration everolimus and zotarolimus‐eluting stents improved survival 
compared with medical treatment [40].

Table 37.1 contains a brief description and angiographic perfor-
mance of most currently used DES with durable polymers [41–45].

Biodegradable polymers DES
Since durable, thick polymers of first‐generation DES seem to 
have a central role in perpetuating local vascular inflammatory 
reactions and potentially inducing the occurrence of late and very 
late stent thrombosis, the concept of a polymer that carries and 
controls the drug release during an proper period of time and 
then erodes and vanishes from the vascular surface seems to be 
very attractive.

Most of the systems presented in this section utilize poly‐L‐lactic 
acid (PLLA) and poly‐D,L‐lactide (PDLLA), which are progres-
sively eroded by shortened ester bonds and ultimately degrade into 
lactic acid. Table 37.2 contains a brief description of the main com-
ponents of the DES systems reviewed in this section [46–57]. It is 
beyond the scope of this chapter to detail all clinical trials with these 
devices; therefore, we focus mainly on the largest clinical studies 
with long‐term clinical data available.

In the LEADERS trial, the BioMatrix™ stent was shown to be 
non‐inferior to the first‐generation durable polymer Cypher siroli-
mus‐eluting stent, with respect to a composite endpoint of cardiac 
death, MI, and ischemia‐driven target vessel revascularization at 
12‐month follow‐up (BioMatrix 10.6% vs. Cypher 12.0%, p = 0.37) 
[46,58]. This non‐inferiority has recently been confirmed at 5‐year 
follow‐up. Importantly, the BioMatrix stent showed a significantly 
lower incidence of definite very late stent thrombosis at 5‐year fol-
low‐up (hazard ratio 0.26, 95% CI 0.10–0.68). The LEADERS trial 
not only provided the first evidence of improved clinical outcomes 
compared to first‐generation DES, but is also the proof of concept 
in terms of biodegradable polymer DES.

A pooled data analysis of the randomized ISAR‐TEST 3, ISAR‐
TEST 4, and LEADERS trials also showed that the DES with biode-
gradable polymers were associated with a lower risk of very late 
stent thrombosis as well as MI compared to the Cypher SES [59].

Based on the safety findings related to these devices, the Global 
LEADERS trial is currently recruiting patients to compare treatment 
with BioMatrix followed by the use of DAPT (aspirin + ticagrelor) 
for 1 month and than ticagrelor alone for additional 23 months with 
placebo. This study aimed to include 16,000 all‐comer patients and 
was powered to compare the composite of all‐cause mortality or 
non‐fatal new Q‐wave MI up to 2 years post‐randomization.

However, the utility of biodegradable polymer stents in the con-
text of excellent clinical outcomes with newer generation durable 

polymer stents still needs to be proven. A recent meta‐analysis 
including 126 randomized trials and 258,544 patients treated 
with BMS, first- and second-generation durable polymer DES and 
 biodegradable polymer DES failed to show the superiority of the 
biodegradable DES over new generation durable polymer DES. 
Indeed, newer generation durable polymer stents, and especially 
CoCr everolimus‐eluting stents, presented the best combination of 
 efficacy and safety in this meta‐analysis [39].

It is important to highlight that not all biodegradable polymer 
DES are the same. While BioMatrix/Nobori are the most exten-
sively evaluated devices in this category, they are still mounted on a 
thick (>120 μm) stainless steel platforms and their polymer erodes 
over 6–9 months, which is a long period of time compared to most 
recently developed biodegradable polymer systems such as Synergy 
or Orsiro.

Nevertheless, in the coming years we can expect much data on 
these devices because the majority of new DES programs are based 
on biodegradable polymer technology.

Non‐polymeric DES
Non‐polymeric DES have the potential to offer improved vascular 
healing avoiding the long‐term negative effects of polymers. 
However, polymers in DES systems are intended not only to carry 
antiproliferative drugs, but also to control their release.

Most of the time, modifications in the surface of the platform are 
necessary to carry the antiproliferative agent (Figures  37.1 and 
37.2). Alternatively, the drug can be directly attached to the stent 
surface by covalent bonds or crystallization/chemical precipitation 
or dissolved in a non‐polymeric biodegradable carrier (e.g., nano 
particles) [60].

We will not go into detail on all clinical programs with these 
devices. Table 37.3 contains a brief description of the main compo-
nents of the currently available (clinically or under investigation) 
polymer‐free DES systems as well as the angiographic findings (late 
loss) in their first‐in‐man trials [61–63].

It is important to note that this is still an relatively new field in 
interventional cardiology and long‐term data as well as larger 
controlled trials should be expected soon. Among the various 
promising polymer‐free technologies, the BioFreedom™ stent 
deserves specific mention. Preclinical studies have reported 
lower injury scores; lower numbers of struts with fibrin, granulo-
mas, and giant cells; significantly lower percentage of diameter 
stenosis; and greater endothelialization with the BioFreedom 
stent at 180‐day follow‐up compared to the Cypher SES. The 
first‐in‐man trial enrolled 182 patients who were randomized to 
receive either BioFreedom with standard dose (SD) Biolimus A9 
(15.6 mg/mm), BioFreedom with low dose Biolimus A9 (7.8 mg/
mm), or TAXUS Liberte PES. At 12 months, the in‐stent LLL was 
0.17 mm in the BioFreedom SD, which became the  commercially 
available version.

Based on the enthusiastic initial findings, Biosensors initiated an 
audacious clinical trial, the LEADERS FREE, which had two pri-
mary objectives assessed by two separate primary endpoints: (i) to 
demonstrate in PCI candidates who are at high risk for bleeding and 
treated for 1 month with DAPT only, that the BioFreedom is non‐
inferior to the bare‐metal comparator as measured by the a safety 
composite primary endpoint of cardiac death, MI, or stent throm-
bosis at 1 year; and (ii) to demonstrate superior efficacy of the 
BioFreedom by the incidence of clinically driven TLR at 1 year [64]. 
This trial recently completed enrollment and the primary endpoints 
will be presented soon.
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Future perspectives
PCI with bioabsorbable vascular scaffolds (BVS) has created inter-
est because the need for mechanical support for the healing artery 
is temporary, and beyond the first few months there are potential 
disadvantages of a permanent metallic prosthesis. There are several 
potential advantages of this novel technology:
1 Reduction in the occurrence of special late and very late stent 

thrombosis. Once the antiproliferative drug and the temporary 
scaffold disappear, the possibility of thrombotic events in the site 
of PCI is considerably reduced.

2 Restoration of endothelial function. Once the “rigid” scaffold 
structure is removed, the shear stress is restored, favoring also 
late luminal increasing. Furthermore, the full patency of “jailed” 
side branches might be recovered.

3 Potential pediatric role because they allow vessel growth and do 
not need eventual surgical removal.

4 Possibility of vessel assessment with non‐invasive imaging 
modalities such as coronary CT or MRI. The current technology 
of metallic stents results in excessive artifacts on angio CT, which 
precludes a definite non‐invasive assessment of the stented 
 segment. The absorbable scaffolds allow a clear visualization of 
the entire coronary tree from day one.

5 Possibility of further revascularization therapies in the treated seg-
ments. A current complaint is that the use of a “full metal jacket” to 
treat diffuse coronary disease might preclude CABG (or even 
repeat PCI) in case of future failure of PCI. As the BVS will be 
absorbed, in case of disease progression the surgeon would still 
have coronary segments to perform graft anastomosis.

Figure 37.2 Drug‐filled stent (DFS). Based on the continuous sinusoidal technology, this stent features a novel tri‐layer wire design, with an outer 
cobalt chromium layer for strength, a middle tantalum layer for enhancing radiopacity, and an innermost core layer which is removed, creating a 
continuous strut lumen that is coated with drug. Sirolimus is eluted from the core upon implantation through holes on the abluminal surface of 
the stent, which allows for controlled and sustained polymer‐free drug elution. Source: © Medtronic 2016. Reproduced with permission.

Figure 37.1 BioFreedom™ DCS system: A microscopic view of the 
stainless steel (316) BioFlex II stent, which has been modified with a 
proprietary surface treatment resulting in a selectively microstructured, 
abluminal surface to be loaded with Biolimus A9™. Source: 
Biosensors International. Reproduced with permission.
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Conclusions
Current approaches to the development of DES are reviewed in this 
chapter. Although first‐generation DES placed great emphasis on 
efficacy, long‐term safety issues have arisen resulting in their 
replacement in clinical practice.

Newer metallic DES with durable and/or degradable polymer has 
been shown to decrease the risk of revascularization and ST events. 
However, the optimal stent design, the ideal polymers, antiprolif-
erative drugs, and their degradation and release kinetics are still 
under investigation. Nevertheless, there is no doubt that DES will 
continue to play a pivotal part in the treatment of coronary artery 
disease, but future designs need to incorporate features that reduce 
thrombosis and promote endothelialization. Through the integra-
tion of mechanical, pharmacologic, and manufacturing endeavors, 
the development of an ideal DES is within reach.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Atherosclerotic cardiovascular disease comprises coronary artery 
disease (CAD), cerebrovascular disease, and peripheral artery 
disease (PAD). CAD manifestations include stable CAD and 
acute coronary syndromes (ACS), which embrace a spectrum of 
clinical presentations, ranging from unstable angina to non‐
ST‐elevation myocardial infarction (NSTEMI), and ST‐elevation 
MI (STEMI). The common pathophysiologic processes of these 
cardiovascular disease conditions and their clinical manifesta
tions  consist in atherosclerotic plaque progression, thrombosis, 
or embolization. Mural thrombus formation is the consequence 
either of the spontaneous disruption of an atherosclerotic plaque 
as in the setting of an ACS or of iatrogenic endothelial denudation 
as in the setting of a percutaneous coronary intervention (PCI) 
[1]. Indeed, spontaneous or iatrogenic erosion of the endothelial 
surface or rupture of atherosclerotic plaque triggers platelet and 
coagulation activation, leading to arterial thrombosis, which 
blocks blood flow and oxygen supply (ischemia) in the affected 
arteries [1,2]. The mechanisms of arterial thrombosis require 
a close interplay between platelets, endothelium, coagulation fac
tors, and the extracellular matrix of the vessel wall. In particular, 
arterial thrombosis comprises three basic pathways: (i) platelet 
adhesion, activation, and aggregation; (ii) blood coagulation 
with fibrin formation; and (iii) fibrinolysis. This chapter reviews 
the pathophysiology of the arterial thrombosis cascade and pro
vides a general overview of current and novel antiplatelet and 
anticoagulant agents.

Role of platelets and coagulation factors 
in thrombus formation
Platelet‐activated thrombus formation proceeds in three stages:
1 An initiation phase involving platelet adhesion;
2 An extension phase including activation, additional recruitment, 

and aggregation of platelets; and
3 A perpetuation phase characterized by continued platelet stimu

lation and stabilization of clots [1,3].

Under physiologic conditions, endothelial cells exhibit anti
thrombotic properties. The endothelial discontinuity of endothelial 
barrier exposes the subendothelial layer, which contains thrombo
genic components, such as collagen, von Willebrand factor (vWF), 
and other molecules (e.g., fibronectin), which bind to platelet 
receptors, inducing platelet adhesion [3,4]. This latter is mainly 
mediated by interaction between the glycoprotein (GP) Ib/V/IX 
receptor complex on the platelet surface to vWF, which is required 
for initiation of platelet adhesion under high shear rate conditions, 
and GP VI and Ia to collagen at sites of vascular injury [4]. These 
interactions allow the arrest and activation of adherent platelets 
(Figure 38.1) [5].

Platelet activation and aggregation in the extension phase can 
be  induced by multiple pathways (Figure 38.2) [5–7]. When acti
vated platelets adhere to sites of vascular injury, the local platelet‐
activating factors help to recruit additional circulating platelets to 
extend and stabilize the plug [4]. These platelet‐activating factors 
include adenosine diphosphate (ADP), thromboxane A2 (TXA2), 
serotonin, collagen, and thrombin [6]. ADP is one of the most 
important mediators of thrombosis. Platelets express two ADP‐ 
specific purinergic receptors: P2Y1 and P2Y12 [8]. Activation of 
the P2Y1 receptor leads to signaling events that initiate a weak and 
transient phase of platelet aggregation [8]. In contrast, activation of 
the P2Y12 receptor results in activation of the GPIIb/IIIa receptor, 
granule release, amplification of platelet aggregation, and stabilization 
of the platelet aggregate [8]. TXA2 is a key platelet agonist, which 
derived from arachidonic acid through conversion by cyclo‐ 
oxygenase‐1 (COX‐1) and thromboxane synthase [9]. The binding 
of these agonists to their respective receptors ultimately activates 
the GP IIb/IIIa receptor, which promotes the interaction of adjacent 
platelets through fibrinogen (Figure  38.2) [7]. The perpetuation 
phase of thrombus formation is mediated by cell–cell, contact‐
dependent mechanisms, mostly intermediated by vWF under high 
shear stress conditions, which lead to changes in platelet morphology, 
expression of pro‐coagulant and pro‐inflammatory activities, and 
platelet aggregation [6].
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The platelet clot is stabilized by fibrin derived from the coagula
tion cascade (Figure  38.2) [7]. Initiation of blood coagulation 
occurs mainly through tissue factor (TF), a membrane GP that 
following vessel wall injury becomes exposed to circulating blood 
and forms a complex with the zymogen factor VIIa [10]. The TF‐
factor VIIa complex activates factor X into factor Xa and factor IX 
into factor IXa (extrinsic pathway) [10]. Generated factor Xa ini
tially converts limited amounts of prothrombin into thrombin 
(factor IIa) sufficient to activate factors VIII, V, and XI, thus 
amplifying the coagulation process. In addition, thrombin acti
vates platelets triggering coagulation on the platelet surface, 
through complex formation between factor IXa and its cofactor 
factor VIIIa (intrinsic tenasease complex), where factor IX is acti
vated to factor IXa by factor XIa via the intrinsic pathway [11]. 
Thus, Factors IXa and Xa represent points of convergence for the 
intrinsic and extrinsic pathways. Finally, factor Xa in complex 
with its cofactor factor Va (prothrombinase complex) activates 
prothrombin to thrombin ultimately resulting in the formation of 
a fibrin clot (Figure 38.2).

Thrombin is a very potent platelet agonist that activates platelets 
at extremely low concentrations (lower than those required for its 
anticoagulant effect; Figure  38.2) [12,13]. Thrombin‐mediated 
platelet activation contributes to pathologic thrombosis, but pre
clinical studies suggest it may not be required for protective hemo
stasis [12–16]. Thrombin‐mediated cleavage of fibrinogen into 
fibrin is more important for hemostasis than thrombin‐mediated 
platelet activation [17]. Thrombin activates platelets by binding 
protease‐activated receptor‐1 (PAR‐1) on the platelet surface, 
leading to several processes that enhance thrombus formation 
(Figure 38.2) [17,18].

Overview of antiplatelet agents 
for atherosclerotic diseases
Aspirin
Aspirin (ASA) permanently inactivate platelet COX‐1, blocking 
the production of TXA2 [19]. ASA is rapidly absorbed in the 
stomach and upper intestine. Peak plasma levels occur 30–40 
minutes after ASA ingestion, and platelet inhibition is evident by 
1 hour. In contrast, it can take up to 3–4 hours to reach peak 
plasma levels after the administration of enteric‐coated ASA. ASA 
is the cornerstone of oral antiplatelet therapy for the prevention of 
atherothrombotic events [19]. Indeed, several large‐scale clinical 
trials and meta‐ analyses have consistently demonstrated the ben
efit of ASA in significantly reducing fatal and non‐fatal recurrent 
ischemic events in patients with a large spectrum of atheroscle
rotic disease manifestations [20]. Although ASA is recommended 
for secondary prevention in all patients who have experienced 
ischemic cerebrovascular events or ACS and/or undergoing PCI, 
it is associated with limitations [21,22]. These include a dose‐
dependent increased risk for bleeding and residual morbidity and 
mortality higher than those for more recently developed anti
platelet agents when used as monotherapy in different clinical set
tings [23]. In addition to clinical observations, measurements of 
platelet aggregation, activation, and bleeding time have suggested 
a wide interpatient variability in response to a given dose of ASA, 
and the decreased responsiveness is associated with a higher risk 
for atherothrombotic events [24].

P2Y12 ADP receptor antagonists
These agents include currently available thienopyridines (ticlopi
dine, clopidogrel, and prasugrel), and a cyclopentyltriazolopy
rimidine (ticagrelor), as well as several compounds in late 
develop ment (cangrelor) (Table  38.1) [5,25]. These drugs exert 
their clinical  benefit by selectively inhibiting ADP‐induced 
 platelet aggregation.

Clopidogrel, a second‐generation thienopyridine, has largely 
replaced ticlopidine, a first‐generation thienopyridine, because of 
its better safety profile and its ability to yield a more rapid anti
platelet effect through the administration of a loading dose 
[26,27]. The safety and efficacy of clopidogrel has been evaluated 
in several clinical trials, which have been performed in patients 
with different manifestations of atherothrombotic disease, includ
ing CAD, cerebrovascular disease, and PAD [28–35]. Reduction 
in the risk of ischemic events observed in trials of clopidogrel plus 
ASA in patients with ACS and/or undergoing PCI have led to the 
use of dual antiplatelet therapy as standard‐of‐care therapy in 
these patient populations [21,22]. However, dual antiplatelet ther
apy has been associated with increased bleeding risk. A large 
amount of evidence has demonstrated a wide variability of 
response to clopidogrel [36]. Importantly, inadequate inhibition 
of the ADP platelet‐activation pathway increases risk for throm
botic events [36].

Prasugrel is a third‐generation thienopyridine, which, as with 
clopidogrel, is orally administered as a prodrug, needing conver
sion to an active metabolite to irreversibly block the P2Y12 recep
tor [37]. However, prasugrel is more efficiently metabolized than 
clopidogrel, reaching higher concentrations of its active metabo
lite more rapidly, resulting in faster onset of action, enhanced 
platelet inhibition, and lower interindividual response variabil
ity, even when compared with higher loading (600 mg) and 
maintenance doses (150 mg) of clopidogrel [37–39]. Prasugrel 
has been compared with clopidogrel in the TRITON‐TIMI 38 
trial in patients with ACS undergoing PCI, providing lower 
ischemic events, driven by a reduction in myocardial infarction 
(MI), and higher bleeding complications, but with a more favora
ble net clinical benefit [40]. Prasugrel was also compared with 
clopidogrel in the large spectrum of medically managed ACS 
patients in the TRILOGY‐ACS trial, but failed to show superior
ity [41]. Prasugrel (60 mg loading dose and 10 mg/day mainte
nance dose) is currently approved for the prevention of 
atherothrombotic events in patients with ACS undergoing PCI. 
In patients with NSTEMI, prasugrel has to be given after coro
nary anatomy is known in patients undergoing PCI, as pretreat
ment with this drug did not reduce the 30‐day rate of major 
ischemic events but increased the rate of major bleeding [42]. 
Contraindications to prasugrel include prior cerebrovascular 
events (CVA), high bleeding risk, and hypersensitivity. Dose 
modulation (prasugrel 5 mg) is suggested in older and low‐
weight patients.

Ticagrelor is a direct‐acting oral agent, which provides higher 
and a more consistent degree of platelet inhibition than clopi
dogrel,, and more rapid time to maximal platelet inhibition [43]. 
Several studies consistently showed that ticagrelor, in addition to 
antagonizing the P2Y12 receptor, inhibits the cellular uptake of 
adenosine. The adenosine‐mediated mode of action contributes to 
several specific effects of ticagrelor, including increase in coronary 
blood flow, improved endothelial function, reduced mortality in 
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patients with ACS, increased incidence of ventricular pauses and of 
dyspnea, and increased creatinine levels [44]. Ticagrelor has been 
compared with clopidogrel in patients with ACS, both invasively 
and medically managed, in the PLATO trial, and was found to have 
superior efficacy, including lower cardiovascular mortality. 
Although overall major bleeding events were not increased, ticagre
lor was associated with increased risk of spontaneous bleeding and 
higher rates of fatal intracranial hemorrhages [45]. Ticagrelor 
(180 mg loading dose and 90 mg twice daily maintenance dose) is 
currently approved for the prevention of atherothrombotic events 
in patients with ACS managed invasively or medically with no prior 
hemorrhagic stroke. Other contraindications include patients at 
high risk for bleeding, severe hepatic impairment, and hypersensi
tivity. There are several ongoing trials investigating ticagrelor in 
multiple therapeutic areas (e.g., secondary prevention, PAD, CVA, 
diabetes).

Cangrelor is a direct‐acting, intravenously administered, 
highly selective P2Y12 antagonist, with a short half‐life (~2.6 min
utes) [46]. It provides, in a dose‐dependent manner, near‐com
plete inhibition of ADP‐induced platelet aggregation, with rapid 
onset and offset of action leading to recovery of platelet function 
within ~30–60 minutes after discontinuation [46]. Cangrelor has 
been compared with clopidogrel in three large‐scale randomized 
trials in patients undergoing PCI, mostly for ACS. The first two 
trials (CHAMPION‐PCI and PLATFORM), differing in the tim
ing of study treatment start, failed to show any significant differ
ence between the two treatments in ischemic events, probably in 
part because of a difficult adjudication of peri‐procedural MI 
[47,48]. The recent CHAMPION‐PHOENIX trial, using a more 
stringent definition of peri‐procedural MI, has shown that can
grelor compared with clopidogrel significantly reduced ischemic 
events at 48 hours in about 11,000 patients undergoing PCI, 
including patients with stable CAD and ACS [49]. A pooled 

analysis of patient‐level data from the three cangrelor trials, can
grelor compared with control (clopidogrel or placebo) reduced 
PCI peri‐procedural thrombotic complications, at the expense of 
increased bleeding [50]. The pharmacologic profiles of cangrelor 
make it an attractive strategy for bridging  therapy of patients on 
dual antiplatelet therapy who are scheduled for surgery. The 
BRIDGE trial compared cangrelor (0.75 μg/kg/min) with placebo 
for at least 48 hours, with the study drug discontinued ~1–6 
hours before surgery, in patients with ACS (n = 210) on a thieno
pyridine scheduled for cardiac surgery [51]. Cangrelor compared 
with placebo was shown to consistently achieve and maintain 
adequate platelet inhibition at levels known to be associated with 
a low risk of thrombotic events, at the price of an increase in 
minor bleeding [51].

Glycoprotein iib/iiia inhibitors
GP IIb/IIIa inhibitors interfere with platelet cross‐linking and clot 
formation, by competing with fibrinogen and vWF for GP IIb/IIIa 
binding [4]. GP inhibitors are only intravenously administered 
within the hospital setting in patients with ACS undergoing PCI 
and are not used in the long‐term care of patients with athero
thrombotic disease. Investigations of oral GP inhibitors have been 
halted as a result of negative results from several large trials. The 
three parenteral GP inhibitors in clinical use are abciximab, eptifi
batide, and tirofiban.

Abciximab is a monoclonal antibody with a rapid onset and a 
short plasma half‐life (<10 minutes) [52]. However, because of its 
high binding affinity for the receptor, it has a biologic half‐life of 
12–24 hours. An estimated 30% of GP IIb/IIIa receptors are still 
occupated by abciximab 8 days after completion of infusion [52]. 
The efficacy and safety of abciximab in patients undergoing PCI, 
including primary PCI for STEMI, have been evaluated in several 
trials, predating the use of clopidogrel [53–56]. Overall, these 

table 38.1 Properties of current and emerging P2Y12 ADP receptor antagonists.

Agent Class Mechanism of action
Mode of 
administration

Frequency of 
maintenance dose 
administration

Approval/
development status

Ticlopidine Thienopyridine
(first generation)

Pro‐drug, irreversible Oral Daily Approved 1991

Clopidogrel Thienopyridine
(second generation)

Pro‐drug, irreversible Oral Daily Approved 1997

Prasugrel Thienopyridine
(third generation)

Pro‐drug, irreversible Oral Daily Approved 2009

Ticagrelor Cyclopentyltria‐
zolopyrimidine

Direct‐acting, reversible Oral Twice daily Approved 2011

Cangrelor ATP analog Direct‐acting, reversible IV n/a Phase 3 CHAMPION‐
PLATFORM and CHAMPION‐
PCI trials terminated 2009; 
CHAMPION‐PHOENIX 
terminated 2013

Elinogrel Quinazolinedione Direct‐acting, reversible IV and oral Twice Daily Phase 2 trials terminated

Source: Angiolillo DJ, et al. 2010 [5]. Reproduced with permission of the Japanese Circulation Society.
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trials have shown that abciximab significantly improved PCI out
comes [53–56]. When abciximab was compared with placebo in 
patients undergoing PCI and receiving pretreatment (>2 hours) 
with clopidogrel 600 mg, additional benefits associated with 
abciximab were found only in high‐risk patients with non‐ST‐ 
elevation (NSTE) ACS with elevated levels of troponin, but not 
in  those at low to intermediate risk undergoing elective PCI 
[57,58]. These observations suggest that when adequate inhibition 
of ADP‐induced platelet aggregation is achieved, GP inhibitors 
should be restricted to high‐risk ACS patients with positive car
diac markers. The issue of whether abciximab remains beneficial 
after adequate clopidogrel loading was tested also in patients 
(n = 800) with STEMI in the BRAVE 3 trial, showing no benefits 
in terms of infarct size prior to discharge [59]. However, the 
infarct size 30 days after primary PCI for anterior STEMI was 
reduced by the use of an intracoronary bolus of abciximab in the 
INFUSE‐MI trial [60].

Eptifibatide is a small, reversible, and highly selective, synthetic 
heptapeptide with a rapid onset, a short plasma half‐life (mean 
1  hour), and a renal clearance accounting for 40% of total body 
clearance [52]. Recovery of platelet aggregation occurs within 2–4 
hours after infusion discontinuation. Several randomized clinical 
trials have shown the efficacy and safety of eptifibatide in patients 
with NSTE‐ACS or undergoing PCI [61–63]. The EARLY‐ACS trial 
demonstrated that upstream administration of eptifibatide versus 
provisional eptifibatide after angiography resulted in similar 30‐day 
rates of ischemic complications during PCI in patients with NSTE‐
ACS [64]. Major and minor bleeding events were significantly 
higher with early eptifibatide versus delayed eptifibatide [64]. 
Overall, these findings do not support the use of upstream rather 
than selective downstream GP inhibitors in patients with ACS 
undergoing PCI.

Tirofiban is a non‐peptide, tyrosine‐derived, highly selective 
inhibitor associated with a rapid onset, a short plasma half‐life 
(about 2 hours), and a renal clearance in that range of 25–50% [52]. 
The efficacy and safety of tirofiban in patients with ACS/PCI have 
been investigated in several trials [65,66].

phosphodiesterase inhibitors
Cilostazol is indicated for symptomatic relief of intermittent claudi
cation from PAD and does not have an indication for treatment of 
patients with CAD although it has been studied extensively in 
adjunct to aspirin and clopidogrel. Cilostazol is an inhibitor of 
phosphodiesterase type III with both antiplatelet and vasodilatory 
effects [67] and is associated with more potent platelet inhibitory 
effects when added to aspirin and clopidogrel [68]. During PCI, 
cilostazol added to aspirin and clopidogrel (“triple therapy”) was 
associated with a significantly reduced risk of stent thrombosis, 
angiographic restenosis, and clinical ischemic events without 
increased bleeding risk when compared with aspirin plus clopi
dogrel, especially among patients with diabetes [69]. An FDA warn
ing indicates that cilostazol should be avoided in patients with 
congestive heart disease of any severity because of an increased 
mortality risk. Cilostazol is also frequently associated with head
ache, palpitations, and diarrhea.

Dipyridamole selectively inhibits the cyclic guanosine 
monophosphate (cGMP) phosphodiesterase type V enzyme, thus 
augmenting the antiplatelet effects of the NO–cGMP signaling 
pathway [70]. In a large ESPS II trial, dipyridamole with or 
 without ASA effectively prevented stroke recurrence [71]. The 

ESPRIT trial demonstrated that dipyridamole plus ASA versus 
ASA alone may not only provide protection against stroke recur
rence but also against MI or death from vascular causes [72]. 
Results of the PRoFESS trial showed that there was no significant 
difference in the risk of fatal or disabling stroke in patients 
receiving dipyridamole plus ASA when compared with clopi
dogrel [73].

pAR‐1 antagonists
PAR‐1 inhibitors block the binding of thrombin to PAR‐1, thus 
inhibiting thrombin‐induced platelet activation and aggregation. 
Preclinical observations showed PAR‐1 receptor inhibition does 
not interfere with thrombin‐mediated fibrin generation which 
is  essential for hemostasis [14]. Two PAR‐1 inhibitors are under 
 clinical development for the prevention of arterial thrombosis: 
vorapaxar and atopaxar [74].

Vorapaxar is a highly selective, orally active, potent and com
petitive PAR‐1 antagonist. Phase 1 and 2 studies have shown that 
adding vorapaxar to ASA plus clopidogrel does not significantly 
increase bleeding, but may have the potential for reducing 
ischemic events. These results set the rationale for two large‐scale 
phase 3 trials: the TRACER and TRA 2°P‐TIMI 50 [75,76]. The 
TRACER trial randomized 12,944 high‐risk patients with NSTE 
ACS, mostly already on dual antiplatelet therapy, to vorapaxar or 
placebo, but was halted prematurely because of a lack of reduction 
in overall ischemic events and a significant increase in the risk of 
major bleeding, including intracranial hemorrhage, in the investi
gational arm [75]. In the TRA 2°P‐TIMI 50 trial, vorapaxar 
(2.5 mg/day) compared with placebo significantly reduced 
ischemic events, at the cost of increased moderate or severe bleed
ing, including intracranial hemorrhage, in patients (n = 26,449) 
with a history of MI, ischemic stroke, or PAD [76]. Notably, after 
an interim analysis, the data and safety monitoring board recom
mended discontinuation of vorapaxar in patients with a history of 
stroke, because of an unacceptable risk of intracranial hemorrhage 
without an improvement in major vascular events, including 
ischemic stroke, as also shown by a subsequent subanalysis [77]. 
In contrast, another pre‐specified subanalysis of the TRA 2°P‐
TIMI 50 showed that in patients with a history of MI, vorapaxar 
reduced ischemic events but increased the risk of moderate or 
severe bleeding [78]. Also, patients with PAD experienced less 
acute limb ischemia and peripheral arterial revascularization with 
vorapaxar, despite the higher risk of bleeding [79].

Clinical development of atopaxar is still in the early stage. Two 
phase 2 studies, LANCELOT‐ACS and LANCELOT‐CAD, have 
suggested a good safety profile of the drug in patients with ACS and 
CAD, respectively [80,81]. However, the highest doses of atopaxar 
compared with placebo were more commonly associated with QTc 
prolongation and transient liver enzymes elevation. Phase 3 investi
gations are not currently ongoing for atopaxar.

A meta‐analysis of eight phase 2 and 3 trials of PAR‐1 antagonists 
in patients (n = 41,647) with CAD highlighted a higher risk of major 
bleeding, including intracranial hemorrhage, with the novel agents 
over placebo, paralleled by a significantly lower risk of MI, which 
was consistently noted in studies of vorapaxar and atopaxar [82]. 
Interestingly, a significant interaction was found between bleeding 
with PAR‐1 antagonists and the use of P2Y12 inhibitors, suggesting 
that future studies on these novel agents in patients not receiving a 
P2Y12 inhibitor or studies versus P2Y12 inhibitors on a background 
of ASA therapy might be considered.
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Other novel antiplatelet agents
Other agents are targeted to inhibit TXA2‐induced platelet activation 
mediated by TP receptors [83]. The rationale for the development 
of TP receptor antagonists (e.g., terutroban) is that platelets continue 
to be exposed to TXA2 despite complete COX‐1 blockade using 
ASA. Preclinical and clinical studies are currently ongoing for this 
family of platelet inhibitors as well as for other targets, including 
those targeted to inhibit serotonin and collagen receptors.

Overview of anticoagulant agents 
for atherosclerotic diseases
Anticoagulants are classified according to the target coagulation 
enzyme that is being inhibited (e.g., anti‐factor IIa or antithrombins; 
anti‐factor Xa; anti‐factor IXa; Figure 38.3) [84]. They are further 
categorized based on whether inhibitory effects are direct or indi
rect (warranting a co‐factor).

Thrombin inhibitors
indirect thrombin inhibitors
Indirect thrombin inhibitors include unfractionated heparin (UFH) 
and low molecular weight heparins (LMWH). Thrombin has an 
active site and two exosites, one of which—exosite 1—binds to its 
fibrin substrate, orientating it toward the active site. UFH binds to 
exosite 2 on thrombin and also to antithrombin, forming a ternary 
complex, which is necessary for the inhibition of thrombin by 
antithrombin [85]. In contrast to thrombin inhibition, inactivation 
of factor Xa does not require the formation of the ternary  complex. 
The ratio of anti‐Xa to anti‐IIa activity for UFH is equal to  1. 
LMWH derived from the fragmentation or the depolymerization of 
heparin by chemical or enzymatic process. Because most LMWH 
chains are not sufficiently long to form the ternary complex neces
sary for the inactivation of thrombin, their action is mainly directed 
against factor Xa, thereby the ratio of anti‐IIa to anti‐Xa activity 
varies from 1.9 to 3.8 (enoxaparin) [86].

The pharmacologic properties of UFH and LMWH are com
pared in Table  38.2. UFH has important limitations because of 
quite  variable pharmacokinetic and pharmacodynamic profiles, 
significant non‐specific protease binding, the inability to inhibit 
fibrin‐bound thrombin, the prothrombotic effect on platelet activa
tion and aggregation and, finally, the life‐threatening risk of hepa
rin‐induced thrombocytopenia (HIT). Although to a less extent, 
part of these limitations are also associated with LMWH.

UFH and LMWH are routinely used in interventional practice as 
the standard anticoagulation for the treatment of patients with ACS 
and in the PCI setting [20,21]. In these populations, LMWH when 
compared with UFH has been found associated with a better overall 
efficacy profile and similar safety, while being more practical as, 
unlike UFH, it does not require anticoagulation monitoring and 
dose adjustment.

Direct thrombin inhibitors
Direct thrombin inhibitors (DTI) directly inhibit soluble and clot‐
bound thrombin without depending on antithrombin for anti
coagulant activity. Indeed, they are physically small molecules that 
do not interact with exosite 2 but bind directly to the active site of 
thrombin and inhibit all its proteolytic activity without the need for 
antithrombin as an intermediary molecule. They have high speci
ficity and potency for thrombin inhibition, and do not promote 
platelet aggregation. Given their potential benefits over heparins, 
parenteral DTIs have undergone extensive appraisal in patients 
with ACS or HIT, and those undergoing PCI. Three parenteral 
agents are currently available for clinical use in these populations: 
recombined hirudin (lepirudin), argatroban, and bivalirudin [87]. 
The oral agent dabigatran, while approved for clinical use as a 
replacement for warfarin in patients with atrial fibrillation (AF), 
clinical investigation has been halted in the setting of ACS after the 
very high bleeding rates observed in adjunct to dual antiplatelet 
therapy in the phase 2 RE‐DEEM trial [88].

Lepirudin is a peptide that binds to the catalytic site and exosite 
1 of thrombin with very high affinity. It has a half‐life of 80 minutes 
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and is cleared primarily by the kidneys. It is approved for treatment 
of patients with HIT. No studies have evaluated the role of lepirudin 
in contemporary PCI.

Argatroban is a synthetic peptide competitive inhibitor of throm
bin, binding to a site near the catalytic site [87]. It has a short half‐life 
(45 minutes) and is mainly metabolized by the liver, requiring dose 
adjustment in patients with hepatic dysfunction. It is approved for 
treatment of patients with HIT. A few small studies have evaluated 
the effects of argatroban during PCI, and it is approved in this set
ting as an alternative anticoagulant only in patients with HIT [21].

Bivalirudin (hirulog‐1) is a 20‐amino acid polypeptide and is a 
synthetic version of hirudin that binds to the catalytic site and 
exosite 1 of thrombin. This binding is reversible and is associated 
with the cleavage near the amino‐terminal of bivalirudin by throm
bin itself [89]. When bivalirudin is cleaved, the bond between 
exosite 1 and the amino‐terminal of the bivalirudin segment is 
weakened, leading to the dissociation and to restoration of normal 
thrombin activity [89]. Bivalirudin has a half‐life of 25 minutes, 
which is prolonged by renal insufficiency, and is primarily cleared 
via proteolysis, with renal excretion accounting for <20% of its deg
radation. The pharmacologic properties of bivalirudin compared 
with those of heparins are listed in Table 38.2.

Bivalirudin is currently the only DTI that has been extensively 
evaluated in several powered clinical trials with respect to its use in 
coronary intervention in patients with stable CAD and in those 
with ACS, including NSTEMI and STEMI [90–95]. Multicenter tri
als on bivalirudin are consistent in showing that bivalirudin com
pared with heparin plus GP inhibitors is associated with comparable 
ischemic outcomes and reduced major bleeding. Bivalirudin is cur
rently approved for use during PCI as an alternative to UFH and in 
patients with HIT.

Factor Xa inhibitors
indirect factor Xa inhibitors
Fondaparinux is the prototype of the indirect factor Xa inhibitor. 
Other agents are variants of fondaparinux and include idra
parinux, idrabiotaparinux, and SR123781A. All these agents are 

subcutaneously administrated. Only fondaparinux has been 
investigated in the setting of ACS/PCI.

Fondaparinux, a synthetic analog of the antithrombin‐binding 
pentasaccharide sequence found in heparin, binds to antithrom
bin with very high specificity, enhancing the ability of antithrom
bin to neutralize factor Xa and hence the formation of thrombin. 
Fondaparinux has almost complete bioavailability after subcuta
neous injection with rapid absorption, achieving a steady state 
after 3–4 daily doses. Its plasma half‐life of approximately 
17 hours allows once‐daily administration at fixed dosages. It has 
a highly predictable anticoagulant effect and thus there is no need 
for laboratory monitoring. The pharmacologic properties of fon
daparinux compared with those of heparins are listed in Table 38.2.

The efficacy and safety of fondaparinux (2.5 mg/day SC) com
pared to heparin were tested in patients with ACS [96–98]. In the 
NSTE‐ACS population, fondaparinux was associated with supe
rior net clinical benefit compared to enoxaparin [96–98]. In 
patients with STEMI, fondaparinux compared to UFH reduced 
the combined endpoint of death/MI in patients treated with 
thrombolysis, while those who underwent primary PCI had no 
significant benefit with fondaparinux [98]. Of concern, patients 
who underwent primary PCI with fondaparinux had more cathe
ter‐related thrombi, more coronary complications, and a trend 
toward higher death/MI compared to UFH. Fondaparinux is rec
ommended for patients with NSTE‐ACS in whom an early con
servative or a delayed invasive strategy of management is 
considered and for STEMI patients receiving fibrinolytic therapy. 
Fondaparinux should not be used in patients with acute STEMI 
undergoing primary PCI. Despite guideline recommendations for 
the use of fondaparinux in ACS, fondaparinux is not approved for 
such use by the FDA in the USA.

Direct factor Xa inhibitors
Direct factor Xa inhibitors include parenteral agents, such as 
DX9065a and otamixaban, and several orally active drugs, includ
ing rivaroxaban, apixaban, edoxaban, darexaban, LY517717, and 
betrixaban. Only otamixaban, rivaroxaban, and apixaban have 
advanced to phase 3 clinical investigation in the setting of ACS/PCI.

table 38.2 Comparison of pharmacologic properties of current anticoagulants.

Property UFH LMWH Fondaparinux Bivalirudin

Predictability in pharmacologic profile − ++ +++ +++

Co‐factor required +++ +++ +++ −

Renal clearance − ++ +++ ++

Non‐specific protein binding +++ + − −

Platelect activation +++ + − −

Rebound of thrombin generation after discontinuation +++ + − −

Inhibition of bound thrombin − − − +++

Neutralization by platelet factor 4 +++ + + +

Inhibition of thrombin generation + ++ ++ +++

LMWH, low molecular weight heparin; UFH, unfractionated heparin.
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Otamixaban is an intravenous, direct, reversible, selective inhibitor 
of factor Xa. It has an initial half‐life of 30 minutes and rapid on–off 
anticoagulant activity. It is mainly cleared unchanged via the biliary 
system with no significant renal excretion (<25%), suggesting no 
need for dose modification in patients with renal insufficiency. 
Because of its predictable pharmacodynamics there is no need for 
anticoagulation monitoring. The SEPIA‐ACS1 TIMI 42 trial 
showed a marked reduction in death/MI and similar bleeding rates 
with otamixaban at mid‐range doses, compared with UFH plus 
eptifibatide [99]. These positive findings set the rationale for the 
investigation of otamixaban in phase 3 TAO randomized, double‐
blind, triple‐dummy trial, in which otamixaban did not reduce the 
rate of ischemic events compared with UFH plus eptifibatide, but 
did increase bleeding in patients with NSTE ACS to be treated with 
dual oral antiplatelet therapy and an invasive strategy [100].

Rivaroxaban is an orally active oxazolidone derivative, which acts 
by directly and selectively inhibiting both free factor Xa and factor 
Xa bound in the prothrombinase complex. Rivaroxaban has a rapid 
and predictable anticoagulant effect with no need for dose adjust
ment or routine laboratory monitoring. The half‐life is 9–13 hours 
and renal elimination accounts for 33%. It is approved for stroke 
prevention in patients with AF. A recent phase 3 trial (ATLAS ACS 
2‐TIMI 51) has evaluated rivaroxaban (2.5 or 5.0 mg twice daily) 
versus placebo on top of low‐dose ASA (75–100 mg/day), with or 
without a thienopyridine, in 15,526 patients with ACS [101]. 
Rivaroxaban reduced the incidence of ischemic outcomes at the 
cost of increased bleeding. The 2.5 mg twice daily dose had the bet
ter risk–benefit balance, because of a lower bleeding risk than the 
5 mg twice daily dose, with significant mortality reduction [101].

Apixaban is a potent direct inhibitor of both free and  prothrombin‐
bound factor Xa, has a minimal affinity for factor IIa, a half‐life of 
8–15 hours, and is mainly eliminated via the fecal route (~75%). It is 
approved for stroke prevention in patients with AF. A recent phase 
3 trial, APPRAISE‐2, has evaluated apixaban 5 mg twice daily versus 
placebo on top of standard antiplatelet therapy in high‐risk ACS 
patients [102]. The trial was stopped prematurely after recruiting 
7392 of the preplanned 10,800 patients because an interim  analysis 
showed that the increase of major bleeding with apixaban, including 
increases in fatal and intracranial bleeding, was not counterbal
anced by the expected decrease in recurrent ischemic events com
pared with placebo. Importantly, the decrease in ischemic events 
was offset by an increase in bleeding both in patients taking only 
ASA and in those on dual antiplatelet therapy.

Other anticoagulants under clinical 
development
Investigations are ongoing on novel anticoagulants using recombi
nant proteins that are directed at the initiation of coagulation tar
geting tissue factor or factor VII. Another novel anticoagulant 
approach involves using RNA aptamer technology to target target
ing coagulation factors (e.g., factor IXa). The advantage of this 
approach is the ability to initiate rapid anticoagulation that can be 
reversed immediately with a complementary RNA strand. The clin
ical safety and pharmacodynamic profiles of REG1, consisting of 
RB006 (drug), an injectable synthetic RNA aptamer that specifically 
binds and inhibits factor IXa, and RB007 (antidote), a complemen
tary oligonucleotide that neutralizes the effect of RB006, have been 
evaluated in phase 1b and 2b studies in patients with stable CAD or 
ACS undergoing PCI and receiving standard antiplatelet therapy. In 
the phase 2b RADAR trial, the REG1 System with reversal from 

50% to 100% compared to UFH or LMWH reduced major bleeding 
and ischemic events in 640 patients with ACS undergoing cardiac 
catheterization [103]. A large‐scale phase 3 clinical investigation 
comparing REG1 with bivalirudin was interrupted because of seri
ous adverse events related to allergic reactions.

Conclusions
Arterial thrombus formation is the common pathophysiologic pro
cess of different cardiovascular disease manifestations. Platelets and 
coagulation factors are key in this process. Identification of key tar
gets within the platelet and coagulation cascade has been pivotal for 
the development of strategies aimed to reduce ischemic recur
rences. Although recent advances in the field have yielded a greater 
reduction in ischemic events though their ability to achieve more 
potent blockade thrombotic processes, this has come at an increased 
risk of bleeding complications. Indeed, the future of antithrombotic 
therapies will rely on identifying treatment strategies that are able to 
find a fine balance between ischemic and bleeding risk. Emerging 
treatment regimens will represent a step forward toward reaching 
these goals.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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In the USA, coronary revascularization by percutaneous coronary 
intervention (PCI) is performed over 1 million times annually [1]. 
However, PCI has only been associated with improved clinical out-
comes when performed for acute coronary syndromes (ACS) [2,3]. 
In patients with stable coronary artery disease, there is an ongoing 
debate concerning the clinical usefulness of PCI. Although PCI is 
strongly associated with relief of anginal complaints and a reduc-
tion in the need for medication [4], no study to date has shown an 
improvement in terms of hard clinical endpoints (i.e., cardiac or 
all‐cause mortality). Therefore, minimizing the number of ischemic 
and bleeding complications after PCI is an important priority for 
interventional cardiologists.

Rates of adverse outcomes after PCI vary widely. In general, 
adverse outcomes are more common after PCI for ACS compared 
with elective PCI. Moreover, rates of ischemic and bleeding compli-
cations tend to be lower in the selected patient populations of 
r andomized clinical trials compared with unselected cohorts in 
observational studies. In this chapter, we aim to provide pharmaco-
logic treatment strategies to optimize the safety and efficacy of PCI 
by minimizing the risk of ischemic and bleeding outcomes.

Definitions of the most common 
ischemic and bleeding outcomes
Uniform definitions of ischemic and bleeding complications of PCI 
are needed to adequately evaluate its safety and efficacy. However, 
there was a large variability in these definitions until as recently as 
2007. In that year, an Academic Research Consortium (ARC) 
p roposed definitions for a number of ischemic events which have 
subsequently been adopted across the world and are now being 
used in clinical research and practice [5]. Definitions of myocardial 
infarction (MI), restenosis, and stent thrombosis as proposed by the 
ARC are shown in Table 39.1. No definition for stroke was provided 
by the ARC; however, a useful definition was utilized in the 
HORIZONS‐AMI (harmonizing outcomes with revascularization 
and stents in acute myocardial infarction) trial: “An acute neuro-
logic deficit resulting in death or lasting for more than 24 hours, as 
classified by a physician, with supporting information, including 
brain images and neurologic/neurosurgical evaluation” [6].

Prior to 2011, when standardized bleeding definitions were pro-
posed by the Bleeding Academic Research Consortium (BARC), a 

wide variety of different definitions for bleeding were used such as 
thrombolysis in myocardial infarction (TIMI) [7], global utilization of 
streptokinase and Tpa for occluded arteries (GUSTO) [8], global regis-
try of acute coronary events (GRACE) [9], CRUSADE [10], and many 
others. The BARC proposed an objective, hierarchically graded classi-
fication for bleeding which is shown in Box 39.1. A growing number of 
randomized clinical trials and observational studies have adopted this 
bleeding definition, mostly reporting only BARC bleeding ≥3.

Outcomes after ischemic or bleeding 
complications
Both ischemic and bleeding complications are associated with an 
increased risk of mortality after PCI. A patient‐pooled meta‐analysis 
of three randomized trials comparing bivalirudin and heparin in PCI 
(n = 17,034) reported a hazard ratio for mortality of 4.2 and 2.9 after 
TIMI major bleeding and MI, respectively [11]. This study also 
showed that not all types of bleeding have similar effects on mortality 
as there was no increased risk of mortality after bleeding defined as a 
hematoma ≥5 cm at the arterial access site. This finding has also been 
reported by a number of other studies [12–14]. Interestingly, mortal-
ity is increased not only within the first 30 days after a bleeding event, 
but also thereafter. In contrast, some studies have suggested that MI 
is only associated with increased mortality within the first 30 days 
after the event [13]. The BARC bleeding definition has been vali-
dated in a patient‐pooled analysis of six randomized trials of patients 
undergoing PCI [15]. BARC class ≥2 bleeding occurred in 9.9% of 
patients, and was associated with an increased 1‐year mortality with 
an adjusted hazard ratio of 2.72. A retrospective analysis in over 2000 
patients from an observational study in a large European tertiary care 
hospital indicated that the BARC bleeding classification can be used 
to identify STEMI patients at risk of 1‐year mortality [16].

It remains unclear how a bleeding event contributes to an increased 
risk of mortality even beyond the first month after the event itself. A 
number of studies have reported suboptimal medical therapy in 
patients with bleeding events such as beta‐blocker and statin therapy 
or a reduction in the use of antiplatelet agents, as has been reported 
in the PREMIER (prospective registry evaluating myocardial infarc-
tion: events and recovery) registry [17,18]. However, patient frailty 
and comorbidity have also been implicated as causal factors relating 
bleeding with an increased risk of mortality.
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Table 39.1 Definitions of myocardial infarction, restenosis, and stent thrombosis.

Classification Biomarker criteria Additional criteria

Myocardial infarction
Peri‐procedural MI PCI Troponin >3 times URL or CKMB >3 

times URL
Baseline value < URL

Peri‐procedural MI 
CABG

Troponin >5 times URL or CKMB >5 
times URL

Baseline value < URL and any of the following: new pathologic Q
waves‡ or LBBB, new native or graft vessel occlusion, imaging
evidence of loss of viable myocardium

Spontaneous Troponin > URL or CKMB > URL

Sudden death Death before biomarkers obtained or 
before expected to be elevated

Symptoms suggestive of ischemia and any of the following: new ST
elevation or LBBB, documented thrombus by angiography or autopsy

Reinfarction Stable or decreasing values on two 
samples and 20%
Increase 3–6 hours after second sample

If biomarkers increasing or peak not reached then insufficient data to
diagnose recurrent MI

Angiographic restenosis
Diameter stenosis of ≥50%

Clinical restenosis
Diameter stenosis of ≥50% and one of the following

1. A positive history of recurrent angina pectoris, presumably related to the target vessel
2. Objective signs of ischemia at rest (ECG changes) or during exercise test (or equivalent), presumably related to the target vessel
3. Abnormal results of any invasive functional diagnostic test (e.g., coronary flow velocity reserve, fractional flow reserve <0.80; IVUS 

minimum cross‐sectional area under 4 mm2 (and <6.0 mm2 for left main stem)
4. A TLR with a diameter stenosis ≥70% even in the absence of the above‐mentioned ischemic signs or symptoms

Stent thrombosis

Definite stent thrombosis:
Angiographic confirmation of stent thrombosis

The presence of a thrombus that originates in the stent or in the segment 5 mm proximal or distal to the stent and at least one of the 
following within a 48‐hour time window

• Acute onset of ischemic symptoms at rest
• New ischemic ECG changes that suggest acute ischemia
• Typical rise and fall in cardiac biomarkers

Pathologic confirmation of stent thrombosis

• Evidence of recent thrombus within the stent determined at autopsy or via examination of tissue retrieved following thrombectomy

Probable stent thrombosis
Any unexplained death within the first 30 days

Irrespective of the time after the index procedure, any MI that is related to documented acute ischemia in the territory of stent thrombosis 
and in the absence of any other obvious cause

Possible stent thrombosis
Any unexplained death from 30 days after intracoronary stenting

CABG, coronary artery bypass graft surgery; CKMB, creatine kinase MB; ECG, electrocardiogram; IVUS, intravascular ultrasound; LBBB, left bundle branch block; 
MI, myocardial infarction; PCI, percutaneous coronary intervention; TLR, target lesion revascularization; URL, upper range limit.
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Stent thrombosis (ST) is a dreaded complication of intracoronary 
stenting and is associated with high rates of morbidity and mortality 
[19–21]. Recent studies have suggested that the timing of the ST 
event (e.g., in‐hospital vs. out‐of‐hospital, or early vs. late/very late) is 
correlated with the risk of mortality. Early stent thrombosis or stent 
thrombosis occurring in‐hospital has been associated with worse 
clinical outcome than late/very late stent thrombosis [19,22,23].

Methods to assess the risk of ischemic 
and bleeding complications
Risk factors for ischemic and bleeding complications are known to 
overlap. A number of risk scores have been developed to individual-
ize risk stratification for patients undergoing PCI. Pocock et al. [24] 
investigated predictors of bleeding and MI in 13,819 patients with 
ACS undergoing an early invasive strategy randomized to heparin 
plus a glycoprotein IIb/IIIa inhibitor (GPI), bivalirudin plus a GPI, 
or bivalirudin monotherapy. Predictors of both MI and bleeding 
included older age, ST‐segment deviation ≥1 mm at baseline. 
Moreover, three predictors for MI were identified: elevated baseline 
cardiac biomarkers, family history of coronary artery disease, and a 
history of a prior MI. Finally, predictors of bleeding were female 
sex, baseline anemia, use of heparin plus a GPI compared with biva-
lirudin monotherapy, elevated baseline serum creatinine, elevated 
baseline white blood cell count, no history of a prior PCI, prior 
stroke, and treatment with heparin plus routine upstream GPI 
c ompared with deferred selective GPI use. Therefore, estimating 
an  individual patient’s risk to develop ischemic complications 
and bleeding complications permits personalized clinical deci-
sion making.

Currently, a large number of risk scores exist for MI, mortality, 
ST, and bleeding that can be used to assess the risk profile of an 
individual patient. The GRACE [25] and TIMI risk scores for 
non‐ST segment elevation acute coronary syndromes [26] and 
for ST‐segment myocardial infarction (STEMI) [27] can be easily 
accessed on the internet and are widely used in clinical practice 
to assess the risk of ischemic events. Additionally, Table  39.2 
shows a risk score that can be used to predict the risk of stent 
thrombosis in patients with STEMI undergoing primary PCI 
with stent placement [28].

Two bleeding risk scores that are particularly useful in clinical 
practice are the REPLACE2/ACUITY/HORIZONS‐AMI PCI 
bleeding risk score [11], and the HAS‐BLED risk score, which can 
be useful in patients already treated with warfarin for atrial fibrilla-
tion [29]. Table 39.3 shows the variables of which these risk scores 
are composed.

pharmacologic strategies to reduce 
ischemic and bleeding complications
Antithrombotic therapies
Antithrombotic therapy in PCI is focused on minimizing throm-
botic complications while limiting the number of bleeding events. 
Figure  39.1 shows an overview of currently available antithrom-
botic drugs. At present, unfractionated heparin and bivalirudin 
(a direct thrombin inhibitor) are the most widely used antithrom-
botic drugs during PCI. A number of studies have shown a 
 reduction in bleeding with bivalirudin compared with unfraction-
ated  heparin (with or without a GPI) [11,30–32]. Moreover, 
some   studies have reported increased survival with bivalirudin 

Box 39.1 Bleeding definition according to the Bleeding Academic Research Consortium.

Type 0: no bleeding

Type 1: bleeding that is not actionable and does not cause the patient to seek unscheduled performance of studies, hospitalization, or treatment by a 
healthcare professional; includes episodes leading to self‐discontinuation of medical therapy by the patient without consulting a healthcare professional

Type 2: any overt, actionable sign of hemorrhage (e.g., more bleeding than would be expected for a clinical circumstance, including bleeding found by 
imaging alone) that does not fit the criteria for type 3, 4, or 5 but does meet at least one of the following criteria: (1) requiring non‐surgical, medical 
intervention by a healthcare professional, (2) leading to hospitalization or increased level of care, or (3) prompting evaluation

Type 3a: Overt bleeding plus hemoglobin drop of 3 to <5 g/dL (provided hemoglobin drop is related to bleed)
Any transfusion with overt bleeding
Type 3b: Overt bleeding plus hemoglobin drop ≥5 g/dL (provided hemoglobin drop is related to bleed)
Cardiac tamponade
Bleeding requiring surgical intervention for control (excluding dental/nasal/skin/hemorrhoid)
Bleeding requiring intravenous vasoactive agents
Type 3c: Intracranial hemorrhage (does not include microbleeds or hemorrhagic transformation, does include intraspinal)
Subcategories confirmed by autopsy or imaging or lumbar puncture
Intraocular bleed compromising vision

Type 4: CABG‐related bleeding
Perioperative intracranial bleeding within 48 h
Reoperation after closure of sternotomy for the purpose of controlling bleeding
Transfusion of ≥5 IU whole blood or packed red blood cells within a 48‐hour period
Chest tube output ≥ 2 L within a 24‐hour period

Type 5: Fatal bleeding
Type 5a: Probable fatal bleeding; no autopsy or imaging confirmation but clinically suspicious
Type 5b: Definite fatal bleeding; overt bleeding or autopsy or imaging confirmation

CABG, coronary artery bypass graft surgery.
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 monotherapy compared with heparin with or without a GPI [33–35]. 
Cavender and Sabatine [36] recently conducted a meta‐analysis of 
33,958 patients undergoing PCI from 16 randomized controlled 
trials comparing bivalirudin and heparin (with or without a GPI). 
This study showed that a bivalirudin‐based anticoagulation 
 regimen increased the risk of MI (risk ratio [RR] 1.09, 95% confi-
dence interval [CI] 1.01–1.17; p = 0.02) and ST (RR 1.38, 95% CI 
1.09–1.74; p = 0.007). Overall, bivalirudin significantly reduced 
the incidence of bleeding events (RR 0.62, 95% CI 0.49–0.78; p 
<0.0001). However, this reduction in bleeding was limited to  trials 
comparing bivalirudin with provisional GPI use with heparin with 
protocol mandated GPI use (RR 0.53, 95% CI 0.47–0.61; p <0.0001), 
with no significant reductions in trials comparing  bivalirudin with 
provisional GPI use and heparin with provisional GPI use (RR 
0.78, 95% CI 0.51–1.19; p = 0.25) and trials comparing bivalirudin 
and heparin both with protocol mandated GPI use (RR 1.07, 95% 
CI 0.87–1.31; p = 0.53).

Fondaparinux, a pentasaccharide factor Xa inhibitor, was com-
pared with unfractionated heparin in patients with STEMI in the 
12,092‐patient OASIS‐6 (organization to assess strategies in acute 
ischemic syndromes) randomized trial [37]. In this trial, fonda-
parinux was associated with a reduction in death or reinfarction at 
3–6 months’ follow‐up. However, this benefit was limited to patients 
not undergoing primary PCI. In patients undergoing PCI there was 
a higher rate of guiding catheter thrombosis and more coronary 
complications such as abrupt coronary artery closure, no reflow, 
dissection, or perforation. Therefore current guidelines state that 
fondaparinux should not be used as the sole anticoagulant to 
 support PCI. The addition of an anticoagulant with anti‐IIa activity 
is advised [38].

Antiplatet therapy
Aspirin and P2Y12 inhibitors
An aspirin loading dose of 325 mg orally or 500 mg intravenously is 
administered before PCI. There is no consensus on the optimal 

dose of aspirin after PCI. However, a number of studies have shown 
a reduction in major bleeding when using a low maintenance dose 
of aspirin (i.e., <100 mg/day) [39–41]. This finding may be 
explained by the fact that doses of as little as 50 mg aspirin can suf-
ficiently block the enzyme cyclo‐oxygenase 1 (COX 1) in platelets 
to prevent platelet aggregation [42]. Higher doses of aspirin can 
increase the risk of developing gastrointestinal bleeding by inhibit-
ing COX 1 in gastric mucosal cells which inhibits the production of 
protective prostaglandins [43].

Clopidogrel, prasugrel, and ticagrelor inhibit platelet activation 
by antagonizing the adenosine diphosphate receptor P2Y12. 
Clopidogrel and prasugrel irreversibly inhibit P2Y12 while its inhi-
bition by ticagrelor is reversible. Current guidelines recommend a 
loading dose of either 600 mg clopidogrel, 60 mg prasugrel, or 
180 mg ticagrelor before PCI [38]. After balloon angioplasty alone 
or bare metal stent (BMS) implantation P2Y12 inhibitors should be 
continued for 1 month. After drug‐eluting stent (DES) implanta-
tion P2Y12 inhibitors should be continued for at least 12 months 
according to US guidelines and for 6 months according to European 
guidelines [38,44]. Therefore, BMS implantation may be preferred 
in patients at high risk of bleeding or likely not to be compliant.

Both prasugrel and ticagrelor have been associated with 
improved clinical outcomes as compared with clopidogrel [45,46]. 
Clopidogrel is a prodrug that requires transformation by 
cytochrome P‐450 (CYP) enzymes to establish its antiplatelet 
effect. Variabilty in CYP activity by common polymorphisms 
resulting in a reduced function have been associated with reduced 
circulating levels of the active metabolite of clopidogrel, dimin-
ished platelet inhibition, and a higher rate of ST [47]. Prasugrel also 
requires conversion to an active metabolite to act as an antiplatelet 
agent. However, prasugrel inhibits platelet aggregation faster, more 
consistently, and to a greater extent than clopidogrel in patients 
undergoing PCI [48]. Prasugrel was compared with clopidogrel in 
the large randomized TRITON‐TIMI 38 (trial to assess improve-
ment in therapeutic outcomes by optimizing platelet inhibition 

Table 39.2 Integer‐based risk score for 1‐year definite/probable stent thrombosis in patients with acute coronary syndromes.

Variable Integer assignment for stent thrombosis             Risk score                           Calculation

Type of acute coronary syndrome NSTE‐ACS w/o ST changes +1 NSTE‐ACS with ST deviation +2 STEMI + 4

Current smoker Yes: +1 No: +0

Insulin-treated diabetes mellitus Yes: +2 No: +0

History of PCI Yes: +1 No: +0

Baseline platelet count <250 K/μL: +0 250 K/μL–400 K/μL: +1 >400 K/μL: +2

Absence of early (pre‐PCI) heparin * Yes: +1 No: 0

Aneurysm or ulceration Yes: +2 No: 0

Baseline TIMI flow grade 0/1 Yes: +1 No: 0

Final TIMI flow grade under 3 Yes: +1 No: 0

Number of vessels treated 1 vessel: +0 2 vessels: +1 3 vessels: +2

NSTE‐ACS, non‐ST‐segment elevation acute coronary syndrome; PCI, percutaneous coronary intervention; TIMI, thrombolysis in myocardial infarction.
*Includes parenteral heparin or low molecular weight heparin.
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with prasugrel – thrombolysis in myocardial infarction) trial [48]. 
In this moderate–high risk ACS population, prasugrel was associ-
ated with a reduction in MI, urgent revascularization, and ST. 
However, prasugrel was associated with an excess in (fatal) bleed-
ing. Subgroup analyses of TRITON TIMI 38 have suggested an 
increased benefit of prasugrel in diabetic patients and patients with 
STEMI undergoing PCI [49,50]. Prasugrel is contraindicated in 
patients with a history of prior stroke or transient ischemic attack, 
and is only recommended in patients >75 years if they have d iabetes 
mellitus or a history of a prior MI.

Ticagrelor is not a prodrug but rather a direct‐acting reversible 
P2Y12 inhibitor. It is dosed twice daily whereas clopidogrel and 
prasugrel are dosed once daily. The 18,624 patient PLATO (platelet 
inhibition and patient outcomes) trial comparing ticagrelor with 
clopidogrel in patients with ACS showed a reduction in death from 
vascular causes (ticagrelor group 4.0% vs. clopidogrel group 5.1%; 
p  <0.001) and death from any cause (ticagrelor group 4.5% vs. 

 clopidogrel group 5.9%; p <0.001). Moreover, definite/probable 
stent thrombosis (2.2% vs. 2.9%) and MI (5.8% vs. 6.9%; p = 0.005) 
were lower in patients randomized to treatment with ticagrelor 
[45]. There were no differences in the rate of overall major bleeding. 
However, there was a higher rate of non‐coronary artery bypass 
graft (CABG) related major bleeding with ticagrelor (4.5% vs. 
3.8%). In patients undergoing PCI, the beneficial effects of ticagre-
lor were consistent with the overall results in the PLATO trial 
[51,52]. A post hoc analysis of the PLATO trial investigating 
patients with chronic kidney disease has suggested that ticagrelor 
compared with clopidogrel significantly reduces ischemic end-
points and mortality with similar rates of major bleeding [53].

Glycoprotein IIb/IIIa inhibitors
In the current era of dual antiplatelet therapy the role of GPIs is 
unclear, as most trials of GPIs in PCI were performed before 
the  introduction of dual antiplatelet therapy. GPIs such as 

Table 39.3 The REPLACE-2/ACUITY/HORIZONS-AMI PCI bleeding risk score and the HAS-BLED bleeding risk score in patients with atrial fibrillation.

(a) REPLACE‐2/ACUITY/HORIZONS‐AMI PCI bleeding risk score

Serum creatinine (mg/dL) <1.0
[0]

1.0‐<1.2
[+2]

1.2‐<1.4
[+4]

1.4‐<1.6
[+6]

1.6‐<1.8
[+8]

1.8‐<2.0
[+10]

≥2.0
[+12]

Age (years) <50 [0] 50‐59 [+3] 60‐69 [+6] 70‐79[+9] ≥80 [+13]

Gender Female [+5]

White blood cell count (*109) <10
[0]

10‐<12
[+1]

12‐<14
[+2]

14‐<16
[+4]

16‐<18
[+5]

18‐<20
[+6]

≥20
[+8]

Presentation Normal biomarkers  
(elective and NSTEMI)

[0]

NSTEMI‐ raised biomarkers
[+3]

STEMI
[+6]

Current cigarette smoker Yes [+4]

Antithrombotic medications Heparin + GPI [0] Bivalirudin monotherapy [‐6]

(b) HAS‐BLED risk score

Hypertension +1

Abnormal renal and liver function +1 (for each)

Stroke +1

Bleeding +1

Labile INR +1

Elderly +1

Drugs or alcohol +1 (for each)

ACUITY, Acute catheterization and urgent intervention triage strategy trial; HORIZONS‐AMI, Harmonizing outcomes with revascularization and stents in acute 
myocardial infarction; INR, international normalized ratio; NSTEMI, non ST‐segment elevation myocardial infarction; PCI, percutaneous coronary intervention; 
REPLACE‐2, randomized evaluation of PCI linking angiomax to reduced clinical events 2; STEMI, ST‐segment elevation myocardial infarction.
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 eptifibatide, tirofiban, and abciximab are intravenous antiplate-
let agents that antagonize platelet aggregation by inhibiting the 
glycoprotein IIb/IIIa receptor. GPIs have been associated with 
an increased risk of bleeding and their use may therefore best be 
limited to patients not at high risk of developing bleeding com-
plications [31,54]. Clinical trials in patients undergoing elective 
PCI pretreated with P2Y12 inhibitors have not shown any 
 benefit of GPIs [55,56]. In patients with unstable angina or non‐
ST elevation ACS, GPIs may be associated with a reduction in 
ischemic outcomes [57]. Finally, in patients with STEMI the use 
of GPIs is generally limited to patients with large anterior MI or 
a large thrombus burden who have a high risk of ischemic events 
and a low risk of bleeding events. Moreover, bolus administra-
tion of GPIs can be considered as a bailout strategy in patients 
with a high risk of ischemic events but also a high risk of 
bleeding.

New oral anticoagulants after PCI
Novel oral anticoagulant drugs are also being investigated after 
PCI. The ATLAS ACS‐TIMI 51 (Anti‐Xa therapy to lower cardio-
vascular events in addition to standard therapy in subjects with 
acute coronary syndrome  –  thrombolysis in myocardial infarc-
tion) trial showed a reduction in death from cardiovascular 
causes, MI, or stroke in patients with a recent ACS with the addi-
tion of twice‐daily 2.5 mg of the novel oral Xa inhibitor rivaroxa-
ban [58]. The results of additional randomized clinical trials 
evaluating the use of oral a nticoagulant drugs after PCI are 
eagerly awaited.

Low bleeding risk, low ischemic risk

High bleeding risk, low ischemic risk

Preloading with:
Aspirin and clopidogrel
Anticoagulant therapy:
Bivalirudin or unfractionated heparin
Antithrombotic therapy at discharge:
Aspirin, clopidogrel

Preloading with:
Aspirin and clopidogrel
Anticoagulant therapy:
Bivalirudin
Antithrombotic therapy at discharge:
Aspirin, prasugrel or ticagrelor*

Low bleeding risk, high ischemic risk

High bleeding risk, high ischemic risk

Preloading with:
Aspirin and prasugrel or ticagrelor*
Anticoagulant therapy:
Heparin plus a glycoprotein IIb/IIIa inhibitor
Bivalirudin
Antithrombotic therapy at discharge:

Preloading with:
Aspirin and clopidogrel, ticagrelor or prasugrel*
Anticoagulant therapy:
Bivalirudin
Antithrombotic therapy at discharge:
Aspirin, prasugrel or ticagrelor*
Consider: low dose prasugrel (5 mg) and
hybrid regimens with prasugrel or ticagrelor
for 30 days before switching to clopidogrel

Aspirin, prasugrel or ticagrelor, consider low-
dose rivaroxaban

*General considerations to choose between prasugrel or ticagrelor
  ST-elevation myocardial infarction: prasugrel
  NON-ST-elevation acute coronary syndromes: ticagrelor
  Prior stroke, <60 kg, ≥75 years, creatinine clearance <60mL/min: ticagrelor
  instead of prasugrel

Figure 39.2 Algorithm suggesting antithrombotic strategies according to bleeding and ischemic risk.

Parenteral anticoagulants

Parenteral antiplatelet agents

Xa/IIa inhibitors:

Xa inhibitors:

Unfractionated heparin

Enoxaparin

Foundaparinux

Otamixaban

Argatroban

Bivalirudin

Hirudin

IV aspirin (Aspegic)

Epti�batide

Tiro�ban

Abciximab

Cangrelor

Direct thrombin inhibitors:

COX-I inhibitor :

Glycoprotein IIb/IIA inhibitors:

P2Y12 antagonists:

Enteral anticoagulants

Enteral antiplatelet agents

Direct thrombin inhibitors:

Rivaroxaban

Dabigatran

Xa inhibitors:

Apixaban

Edoxaban

Rivaroxaban

Aspirin

Clopidogrel

Prasugrel

Ticagrelor

Vorapaxar

COX-I inhibitor :

PAR-1antagonists:

P2Y12 antagonists:

Figure 39.1 Overview of currently available antithrombotic drugs.
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Conclusions and recommendations 
for clinical practice
In general, a more aggressive anticoagulant regime will be associ-
ated with a reduction in ischemic events at the cost of an increased 
risk of bleeding. It is therefore paramount that all patients under-
going PCI should be evaluated for risk of bleeding. Patients at a 
low risk of bleeding will derive benefit from more aggressive 
antithrombotic therapy. However, patients at a high risk of bleed-
ing will benefit from selective use of antithrombotic agents. On 
the other hand, the risk of developing ischemic complications 
should also be assessed, as patients undergoing PCI for ACS may 
benefit from more effective antithrombotic therapy (especially in 
STEMI) [38].

Figure 39.2 shows a treatment algorithm suggesting antithrom-
botic therapeutic options in patients undergoing PCI according to 
their bleeding and ischemic risks. Many new antithrombotic drugs 
are still being investigated and there is a large variety of antithrom-
botic drugs currently available, allowing extensive pharmacologic 
personalization (Figure 39.1).

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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In addition to acting as the immediate effector of primary hemostasis, 
platelets are a critical mediator of atherothrombosis, following 
 atherosclerotic plaque rupture in coronary artery disease (CAD). 
Oral antiplatelet therapy (APT) is a critical therapeutic strategy 
in  the prevention and management of acute coronary syn
drome  (ACS; comprising non‐ST‐elevation ACS (NSTEACS) and 
ST‐ elevation myocardial infarction (STEMI)), and as an adjunct in 
percutaneous coronary intervention (PCI) [1,2]. The objectives of 
APT pharmacotherapy in PCI are twofold: (i) to mitigate the seque
lae of iatrogenic plaque rupture in angioplasty or stenting; and (ii) to 
reduce the risk of intravascular and in‐stent thrombus formation [3].

Oral antiplatelet agents recommended in the contexts of ACS 
and PCI operate by one of two major mechanisms: (i) inhibition of 
prostaglandin synthesis via cyclo‐oxygenase isoform 1 antagonism 
(COX‐1; e.g., aspirin); or (ii) inhibition of platelet aggregation, via 
adenosine diphosphate (ADP) P2Y12‐receptor antagonism (e.g., 
ticlopidine, clopidogrel, prasugrel, and ticagrelor). Although other 
classes of agent have been evaluated in clinical trials, dual antiplate
let therapy (DAPT) with aspirin and a P2Y12‐receptor antagonist 
remains the evidence‐based mainstay of oral antiplatelet therapy in 
PCI. However, despite the benefits of this strategy, a  considerable 
number of patients experience adverse, recurrent, peri‐ and post‐
procedural ischemic and atherothrombotic complications (e.g., 
reinfarction and stent thrombosis) [4–8]. As such, significant room 
for further optimization of antiplatelet therapy exists.

In general, greater potency platelet inhibition efficaciously trans
lates into reduced risk of atherothrombotic and ischemic events, 
but at the expense of greater risks of bleeding. Indeed, even minor 
bleeding episodes can lead to non‐compliance with therapy. As 
such, all decisions regarding the selection of APT must be in close 
collaboration with the patient; striving to achieve an optimal bal
ance between safety and efficacy, maximizing prevention of 
ischemia and minimizing risk of hemorrhage.

The aim of this chapter is to summarize the clinical evidence 
regarding the optimization of oral antiplatelet therapy for patients 
undergoing PCI. It will consider the evolution of antiplatelet 
 therapy as an adjunct to PCI, and explore emerging antiplatelet 
agents presently undergoing clinical development. The role of 

peri‐procedural intravenous antiplatelet therapy, and combinations 
of antiplatelet and anticoagulant agents, is outside the scope of this 
review, and is considered elsewhere.

Methods
A series of structured searches of major biomedical databases 
(PubMed, Medline, Embase, and Web of Science) were performed 
on October 20, 2014, using the key terms “antiplatelet,” “percutaneous 
coronary intervention,” “acute coronary syndrome,” “platelet func
tion,” “platelet reactivity,” and “pharmacogenetics.” Only articles 
published in English, between 1950 and 2014, were included. This 
is a synthesis of available clinical data regarding oral antiplatelet 
therapy during PCI.

Background
Platelet activation: pathophysiology 
and pharmacotherapeutic targets
During intra‐arterial thrombosis, platelets become activated as a 
sequela of rupture, fissure, or erosion of a vulnerable, mural athero
sclerotic plaque. The recruitment of platelets to the site of rupture 
results from complex interactions between specific platelet cell‐
surface receptors (e.g., platelet glycoprotein VI) and exogenous 
substrates (e.g., collagen, von Willebrand factor), which expose 
acidic phospholipids and induce conformational change in the 
platelet surface membrane. Following adhesion to the vessel wall, 
platelet–platelet aggregation occurs via synergistic adenosine 
diphosphate (ADP; P2Y1, and P2Y12) and glycoprotein (GP) IIb/IIIa 
receptor‐mediated binding. Degranulation of a cocktail of pro‐
inflammatory mediators occurs, releasing thromboxane A2 (TxA2) 
and ADP, triggering further platelet activation and aggregation. The 
exposure of acidic phospholipids activates the coagulation cascade; 
thrombin‐mediated cleavage of fibrinogen to insoluble fibrin 
culminates in the formation of an occlusive thrombus. Thrombin 
also interacts with platelets at protease‐activated receptors (e.g., 
PAR‐1), enhancing degranulation, and perpetuating further 
activation. Thus, the platelet is a complex structure, with numerous 
pharmacologic antithrombotic targets (Figure 40.1).
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oral antiplatelet agents: pharmacology
Antiplatelet agents act via the inhibition of platelet recruitment, 
adhesion, aggregation, or activation. Aspirin is a ubiquitous, irre
versible, non‐specific inhibitor of COX, abrogating the downstream 
synthesis of TxA2 from arachidonic acid, via selective acetylation of 
a serine residue at position 529. TxA2 induces changes in platelet 
shape and enhances recruitment and aggregation, via binding to 
thromboxane and prostaglandin endoperoxide (TP) receptors. The 
thienopyridine‐class agents (ticlopidine, clopidogrel, and prasugrel; 
first, second, and third generation, respectively) act via irreversible 
platelet ADP P2Y12‐receptor antagonism. Although both P2Y1 and 
P2Y12 cause aggregation, P2Y12‐mediated activation is the principal 
pathway. The thienopyridines are prodrugs; clopidogrel undergoes 
hepatic activation via a double‐oxidation process mediated by the 
hepatic cytochrome (CYP) P450 system (predominantly CYP2C19) 
to an active metabolite, which inhibits the ADP P2Y12 receptor 
for  the lifespan of the platelet (7–10 days). Prasugrel has distinct 
pharmacokinetic advantages over clopidogrel: it undergoes more 
efficient hepatic biotransformation into the active form (with a single 
oxidation stage), has a more rapid onset of action, and demonstrates 
reduced variability in response, even compared to high‐dose clopi
dogrel [9]. The non‐thienopyridine, cyclopentyl‐triazolopyrimidine 
agent ticagrelor is a reversible ADP P2Y12‐receptor antagonist, at an 
allosteric binding site. Unlike the thienopyridines, ticagrelor is 
administered in active form, and thus has a rapid onset of action, 
producing potent and consistent platelet inhibition. However, as 
ticagrelor has a plasma half‐life of 8–12 hours, twice daily dosing is 
required (c.f. the previous agents, for which once daily dosing 
is sufficient). Additional oral antiplatelet drugs include sibrafiban, 
which acts to inhibit the GP IIb/IIIa receptor, and cilostazol, a selec
tive phosphodiesterase‐3 (PDE‐3) inhibitor, which increases cyclic 
adenosine monophosphate (cAMP), leading to protein kinase 

A  (PKA) activation and inhibition of platelet aggregation. Novel 
oral antiplatelet agents under development include antagonists of 
the TxA2 and PAR‐1 pathways.

Oral antiplatelet therapy and PCI
Since the first demonstration of human coronary angioplasty in 
1978 [10], interventional cardiology techniques, equipment, peri‐ 
and post‐procedural care has evolved significantly, leading to major 
improvements in therapeutic outcomes. Most significantly in the 
context of this chapter, the pharmacotherapy recommended during 
PCI has undergone many incremental and beneficial iterations. 
Antiplatelet therapy has emerged as a critical determinant of out
come following PCI, in both the management of stable CAD, and 
ACS. However, significant questions remain unanswered regarding 
the optimal agent(s), combination, and dosing regimen in oral anti
platelet therapy.

Aspirin (acetylsalicylic acid, ASA)
The role of aspirin in all patients with (or at high risk of) cardio
vascular disease, is well defined. Evidence‐based guidelines uni
versally advocate that such patients should routinely and 
indefinitely receive low‐dose (75–100 mg) aspirin, after an initial 
loading dose of 300–325 mg, in ACS [1,2]. A meta‐analysis by the 
Antithrombotic Trialists’ Collaboration of 287 studies of aspirin 
therapy in high‐risk patients with cardiovascular disease (includ
ing over 135,000 patients) definitively established the benefits of 
such therapy; aspirin therapy reduced incidences of death, 
 myocardial infarction (MI), and stroke by 25% [11]. However, a 
dose‐dependent risk for (specifically, upper gastrointestinal) 
bleeding, with no bearing on efficacy, was observed. Thus, aspirin 
is routinely given to all patients with CAD, and was assumed to 
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equally benefit those undergoing, and not undergoing, an invasive 
management strategy.

Early evidence regarding the benefits of aspirin in the specific 
context of coronary revascularization arose from ISIS‐2, a double‐
blind, randomized, two‐by‐two factorial, placebo‐controlled trial, 
which evaluated the effect of aspirin as an adjunct to thrombolysis 
(streptokinase) in the management of acute MI. This study, which 
randomized 17,187 patients, demonstrated that 1 month of aspirin, 
given alone or in combination with revascularization therapy, 
 significantly improved outcome [12,13]. Contemporaneous insight 
into optimal aspirin dosing emerged from the CURRENT/OASIS‐7 
trial, in which 25,087 patients with ACS undergoing angiography 
were randomized to receive either open‐label high (300–325 mg/
day) versus low (75–100 mg/day, after initial 300 mg) dose aspirin 
for a month, in addition to high or standard dose of clopidogrel 
[14]. Although no differences between high and low dose aspirin 
were observed in overall efficacy (4.2% vs. 4.4%, hazard ratio (HR) 
0.97, 95% confidence intervals (CI) 0.86–1.09; p = 0.61) or hemor
rhage (2.3% vs. 2.3%, HR 0.99, 95% CI 0.84–1.17; p = 0.90), the 
high dose aspirin treatment was non‐significantly associated with 
 gastrointestinal bleeding (0.38% vs. 0.24%; p = 0.051) at 30 days. 
Further, a sub‐study of the HORIZONS‐AMI trial followed‐up 
2851 patients with STEMI who underwent primary PCI [15]. Of 
these, 2289 were discharged on low dose aspirin (≤200 mg/day) and 
562 on high dose aspirin (>200 mg). Patients receiving high dose 
aspirin were more likely to have multiple cardiovascular risk factors 
and, accordingly, had greater 3‐year rates of major adverse cardio
vascular events (MACE) and significant bleeding. However, multi
variate analysis demonstrated that high dose aspirin was 
significantly associated with a greater rate of major bleeding (HR 
2.80, 95% CI 1.31–5.99; p = 0.008) but not MACE. These data dem
onstrate that after an appropriate loading dose prior to PCI 
(300 mg), which efficaciously improves peri‐procedural outcomes, 
a low dose regimen (75 mg/day) is most appropriate for the long‐
term secondary prevention of cardiovascular events.

Subsequently, studies have established an association between 
poor responsiveness to aspirin (high on‐aspirin platelet reactivity), 
and adverse outcomes peri‐ and post‐PCI [16]. In studies that utilize 
robust COX‐1‐specific assays (e.g., serum TxA2 quantification), the 
prevalence of the resistant phenotype is less than 5% of aspirin‐
treated patients [16]. A recent registry study of on‐aspirin platelet 
reactivity, ISAR‐ASPI, which quantified platelet function in 7090 
PCI‐treated patients, observed that high on‐aspirin platelet reactiv
ity was associated with a significantly increased risk of all‐cause 
mortality or stent thrombosis at 30 days (2.5% vs. 1.1%, odds ratio 
(OR) 2.24, 95% CI 1.50–3.36) and 1‐year (6.2% vs. 3.7%, OR 1.78, 
95% CI 1.39–2.27; p <0.0001) compared to those with normal plate
let reactivity [17]. However, a major cause of apparent “aspirin 
resistance,” and a major confounder, is poor patient compliance. 
Additional factors implicated include genetic polymorphism 
(e.g., in COX‐1), and drug–drug interactions (e.g., with ibuprofen). 
These resistance phenotypes may require evaluation during post‐PCI 
follow‐up, in order to ensure treatment compliance and optimize 
l ifelong aspirin dosing.

thienopyridine P2Y12 receptor antagonists
Ticlopidine
Dual antiplatelet therapy with ticlopidine and aspirin emerged as 
the standard of care after PCI in the mid‐1990s, as a result of a num
ber of trials demonstrating the superiority of this combination over 
aspirin monotherapy [18,19], and other available antithrombotic 

agents [19–22]. The addition of 250 mg ticlopidine twice daily 
was  associated with fewer thrombotic and hemorrhagic comp
lications. However, as a result of the delayed onset of action of 
ticlopidine, several days were required to achieve full antiplatelet 
effects, limiting immediate efficacy in ACS [23].

Clopidogrel
Following regulatory approval, clopidogrel rapidly superseded 
ticlopidine as the second antiplatelet of choice in PCI, as a result 
of a faster onset of action via administration of a loading dose 
[24]. The favorable safety profile of clopidogrel was first 
demonstrated in the CLASSICS trial, which randomized 1020 
patients to  receive 325 mg/day aspirin, and either: (i) 300 mg 
clopidogrel loading dose, followed by a 75 mg maintenance dose, 
(ii) 75 mg/day clopidogrel, or (iii) 250 mg twice daily dose of 
ticlopidine [25]. The primary endpoint was a composite of 
major  bleeding complications, other significant side effects, 
or discontinuation of the study drug. At 28 days’ follow‐up, 4.6% 
clopidogrel‐treated versus 9.1% ticlopidine‐treated patients 
satisfied criteria for this endpoint (relative risk (RR) 0.50, 95% CI 
95% CI 0.31–0.81; p = 0.005). The overall rate of MACE (cardiac 
death, MI, target lesion revascularization) remained comparable 
between groups (1.2 vs. 0.9 vs. 1.5 for groups (i), (ii),  and (iii), 
respectively; p = not significant). However, CLASSICS randomized 
patients post‐PCI; further  studies were required to ascertain the 
effects of pretreatment clopidogrel.

Subsequent trials definitively demonstrated the incremental 
 benefit of clopidogrel pretreatment, in reducing MACE during PCI, 
in ACS and stable angina [4–8]. First, the CURE trial randomized 
12,562 patients in double‐blind fashion to receive clopidogrel 
(300 mg pretreatment loading dose; 75 mg maintenance dose) or 
placebo [4]. A total of 2658 of these patients had NSTEACS and 
underwent PCI as part of the PCI‐CURE sub‐study [26]. The 
 primary endpoint was a composite of cardiovascular death, MI, 
and target vessel revascularization, within 30 days of PCI. This end
point was reached in 4.5% and 6.4% in the clopidogrel‐treated 
and placebo‐treated groups, respectively (RR 0.70, 95% CI 0.50–0.97; 
p = 0.03). This reduction in MACE was maintained to 9 months’ 
follow‐up (p = 0.002), with no differences in major bleeding 
(p = 0.64). This demonstrated that pretreatment with clopidogrel 
improved outcomes for invasively managed patients with 
NSTEACS, without significant risks of bleeding.

Further trials were performed to optimize the clopidogrel dosing 
regimen. The ARMYDA‐2 trial randomized 255 patients scheduled 
to undergo PCI to receive either a 600 or 300 mg loading dose, given 
4–8 hours pre‐procedure [27]. At 30 days, the primary endpoint 
(death, MI, or target vessel revascularization) occurred in 4% and 
12% of patients in the high and low‐loading dose groups, respec
tively (p = 0.041). Multivariate analysis demonstrated a 50% risk 
reduction in MI associated with the high‐loading dose (OR 0.48, 
95% CI 0.15–0.97; p = 0.044). All safety endpoints (including bleed
ing) were similar between the two groups. Thus, this small trial 
indicated that a 600‐mg loading dose was safe, and offered greater 
efficacy, compared to the conventional 300‐mg loading dose, in 
patients undergoing PCI. The aforementioned CURRENT/
OASIS‐7 study also evaluated a high dose clopidogrel regimen 
(600 mg loading dose; 150 mg/day maintenance dose post‐PCI days 
2–7; 75 mg maintenance dose) versus the standard dose regimen, in 
ACS patients (n = 25,087), treated conservatively and invasively [14,28]. 
Overall, the efficacy of the high dose and conventional  regimens 
was equivalent, with similar 30‐day MACE rate (4.2%  vs.  4.4%, 
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HR 0.94, 95% CI 0.83–1.06; p = 0.30), but increased major bleeding 
(1.7% vs. 1.3%, HR 1.26, 95% CI 1.03–1.54; p = 0.03). In prespeci
fied subgroup analysis of invasively managed patients (n = 17,263), 
the high dose regimen led to fewer MACE (3.9 vs. 4.5, HR 0.86, 95% 
CI 0.74–0.99; p = 0.039), but greater major bleeding (1.6% vs. 1.1%; 
HR 1.41, 95% CI 1.09–1.83; p = 0.009).

Additional trials offered insight into the optimal timing of 
clopido grel pre‐treatment. CREDO randomized 2116 patients 
(scheduled for elective PCI) to receive 300 mg clopidogrel loading 
dose, or placebo, 3–24 hours pre‐PCI, and 75 mg maintenance dose 
thereafter [5,29]. At 1 year, clopidogrel was associated with a 
 significant reduction in the primary endpoint (composite of death, 
MI, stroke, and target vessel revascularization; RR 0.73, 95% CI 
0.66–0.96; p = 0.02). Clopidogrel administration more than 6 hours 
pre‐procedure (but not thereafter) was associated with significant 
benefit. Clopidogrel was not associated with a greater risk of major 
bleeding (8.8% vs. 6.7%; p = 0.07). Further to this, ARMYDA‐5 
PRELOAD evaluated the safety and efficacy of in‐catheterization 
laboratory 600 mg pre‐treatment, versus routine 6‐hour pre‐ 
treatment, in 409 patients (39% with ACS) [30]. The primary 
 endpoint was 30‐day incidence of MACE. ARMYDA‐5 PRELOAD 
demonstrated non‐inferiority in primary endpoint between the 
pre‐treatment and in‐laboratory arms (8.8% vs. 10.3%; p = 0.72), 
with no increased risk of hemorrhage (5.4 vs. 7.8; p = 0.42). 
However, patients in the in‐laboratory group demonstrated greater 
platelet reactivity at PCI, and 2 hours post‐procedure (p = 0.043). 
Thus, an in‐laboratory strategy was non‐inferior to conventional 
pre‐treatment—where unavoidable, high dose in‐laboratory 
administration is a safe alternative. In the context of primary PCI 
for STEMI, the randomized CIPAMI trial evaluated the administra
tion of clopidogrel in the pre‐hospital phase of care [31]. Although 
terminated prematurely as a result of slow recruitment, CIPAMI 
reported a trend toward improved outcomes in the pre‐hospital 
treatment group.

A meta‐analysis of randomized and observational data has 
appraised the effect of pre‐treatment with clopidogrel (vs.  placebo, 
in addition to aspirin) on subsequent mortality and bleeding, in 
37,814 patients undergoing PCI [32]. Clopidogrel pre‐treatment 
was associated with improvements in the risk of MACE (OR 0.77, 
95% CI 0.66–0.89; p <0.001) but without translation into improved 
mortality (OR 0.80, 95% CI 0.57–1.11). No differences were 
repor ted in major hemorrhage (OR 1.18, 95% CI  0.57–1.11). 
Although this analysis was limited by substantial interstudy 
 heterogeneity (indications for PCI included stable and unstable 
angina, NSTEACS, and STEMI), the results suggest an inconsistent 
treatment effect exists across the spectrum of CAD presentations. 
The benefits of clopidogrel pre‐treatment were greater with 
increasing severity of CAD (i.e., STEMI > NSTEMI > unstable 
angina > stable angina). Indeed, the authors report that clopi
dogrel pre‐treatment did not improve outcomes in stable angina, 
and troublingly, was associated with a greater bleeding risk. A fur
ther meta‐analysis by this group appraises the risks and benefits 
associated of thienopyridines pre‐treatment in the context of 
32,383 patients with NSTEACS (55% underwent PCI) [33]. Pre‐
treatment was associated with reduced MACE (OR 0.84, 95% CI 
0.72–0.98; p = 0.02), driven by the inclusion of CURE and CREDO, 
but did not translate into improvements in mortality (OR 0.90, 
95% CI 0.75–1.07; p = 0.24). No differences in MACE or mortality 
were observed in the subpopulation undergoing PCI. Significant 
excess bleeding (30–45%) was observed in all patients (OR 1.32, 
95% CI 1.16–1.49; p <0.0001). Although these analyses included 

clopidogrel and prasugrel, analysis stratified by agent, or limited 
to randomized trial evidence, did not alter the findings.

Optimization of clopidogrel therapy
Despite the benefits of clopidogrel in the context of PCI, a significant 
number of patients experience recurrent, adverse, peri‐ and post‐
procedural atherothrombotic compilations, as a result of high on‐
treatment platelet reactivity [4–8]. This is hypothesized, in part, to 
be caused by the wide inter‐individual variability in responsiveness 
to clopidogrel: a significant proportion of clopidogrel‐treated 
patients have suboptimal inhibition of platelet function. The 
prevalence of this resistance phenotype ranges from 5% to 40%, 
dependent on the definition of resistance, platelet function assay, 
clopidogrel dosing regimen, and study population. One mechanism 
conferring inadequate clopidogrel responsiveness is the presence of 
loss‐of‐function alleles at the CYP2C19 locus; lack of expression of 
the CYP2C19 enzyme, and poor activation of clopidogrel [34]. 
Concomitant administration of agents that repress CYP2C19 
activity (e.g., omeprazole) can also contribute to the resistance 
phenotype [35]. Indeed, these observations have prompted several 
regulatory agencies to issue warnings regarding the use of 
clopidogrel in such individuals. However, whether high PR 
represents a risk marker, or modifiable risk factor, remains a matter 
of contentious debate.

Several major studies have explored this issue, including 
GRAVITAS, which evaluated high‐dose clopidogrel, in 2214 
patients with stable CAD or NSTEACS undergoing PCI, with high 
on‐clopidogrel PR [36]. Patients were randomized to high‐dose 
(600 mg loading dose, 150 mg/day dose) or standard‐dose clopidogrel 
(300 mg loading dose, 75 mg/day dose). At 6 months’ follow‐up, no 
differences in efficacy or safety endpoints were noted, differential 
clopidogrel dosing based on PR had no impact on clinical outcomes. 
In a further study, 429 ACS patients undergoing PCI with poor 
response to a 600‐mg clopidogrel loading dose were randomized to 
receive either standard therapy, or up to three additional 600 mg 
clopidogrel loading doses, guided by PR, prior to PCI [37]. The 
authors observed that the rate of MACE was significantly lower in 
the PR‐guided group than the control group (0.5 vs. 8.9%; p <0.001), 
with no difference in bleeding rates (2.8% vs. 3.7%; p = 0.80), 
suggesting that PR‐guided loading can be advantageous in the 
management of the clopidogrel resistance phenotype. The 
TRIGGER‐PCI study specifically targeted higher potency 
thienopyridine pharmacotherapy to patients with the clopidogrel 
resistance phenotype [38]. Despite the pharmacodynamic superiority 
of the alternative agent, TRIGGER‐PCI was stopped prematurely 
due to futility. The event rate was lower than predicted in both 
groups. The clinical utility of this strategy could not be determined.

In addition, trials have evaluated genotype‐based dosing regi
mens. Most notably, the ELEVATE‐TIMI‐56 trial randomized 333 
patients with stable CAD to receive CYP2C19 genotype‐guided 
clopidogrel dosing regimens. Although this strategy successfully 
enabled patients with loss‐of‐function alleles to achieve levels of PR 
comparable to wild‐type patients, this study was not powered to 
report clinical outcomes. Indeed, well‐powered trials have thus far 
been performed in the context of PCI.

Thus, despite significant efforts, to date, differential dosing 
 strategies, based on PR or pharmacogenetic testing, have had no 
beneficial impact on hard, clinical endpoints, in appropriately 
 controlled, powered, randomized, and blinded trials. However, the 
development of greater potency P2Y12‐receptor antagonists, with 
less inter‐individual variation, has proven highly fruitful.
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Prasugrel
The third generation thienopyridine, prasugrel, has distinct phar
macokinetic advantages over clopidogrel: it has a more rapid onset 
of action, and demonstrates reduced variability in response. 
TRITON‐TIMI‐38 randomized 13,608 clopidogrel‐naïve patients 
with moderate–high risk ACS undergoing PCI to receive either 
prasugrel (60 mg loading dose, 10 mg/day maintenance dose) or 
clopidogrel (300 mg loading dose, 70 mg maintenance dose) [39]. 
Randomization occurred following ascertainment of coronary 
anatomy, with the exception of patients undergoing primary PCI 
for STEMI. At 15 months’ follow‐up, the primary endpoint (com
posite of cardiovascular death, non‐fatal MI, or stroke) occurred in 
9.9% of prasugrel‐treated and 12.1% of clopidogrel‐treated patients 
(HR 0.81, 95% CI 0.73–0.90; p <0.001), driven by non‐fatal MI 
(40% of which were peri‐procedural) and stent thrombosis (HR 
0.48, 95% CI 0.36–0.84; p <0.0001) [39,40]. This benefit was also 
observed at 30 days, and was independent of stent type. However, 
this was offset by a significant risk of major (2.4% vs. 1.8%, HR 1.32, 
95% CI 1.03–1.68; p = 0.03) and fatal bleeding (0.4% vs. 0.1%, HR 
4.19, 95% CI 1.58–11.11; p = 0.002) in the prasugrel‐treated and 
clopidogrel‐treated groups, respectively [39,41]. Pre‐specified anal
ysis demonstrated that prasugrel was associated with net benefit, 
despite bleeding risks (p = 0.004). Certain subgroups experienced 
greater benefits, including those with STEMI, and with diabetes 
mellitus, for whom the benefits far outweighed the risk of bleeding 
[42,43]. Conversely, no net benefit was observed in patients aged 
≥75 years, weighing less than 60 kg, and with previous history of 
stroke or transient ischemic attack (TIA).

ACCOAST is the only placebo‐controlled trial of prasugrel pre‐
treatment; randomizing 4033 NSTEACS patients (69% of whom 
underwent PCI) to receive 30 mg prasugrel, or placebo [44]. A sup
plementary 30‐mg pre‐PCI dose was administered following diag
nostic angiography in the pre‐treatment group, and 60 mg of 
prasugrel given to the placebo group. Pre‐treatment was not associ
ated with a reduced risk of MACE (HR 1.02, 95% CI 0.84–1.25; 
p = 0.81), although a higher rate of major bleeding was observed 
(HR 1.90, 95% CI 1.19–3.02; p = 0.006). Indeed, this rate of bleeding 
exceeding the a priori defined threshold, and the study was halted 
during enrolment.

Observational studies have also been undertaken to evaluate 
real‐world prasugrel outcomes. Koshy et al. [45] recently reported a 
retrospective case series of 1688 primary PCI‐treated patients with 
STEMI, who received pre‐treatment with aspirin plus clopidogrel 
(n = 866) or prasugrel (n = 822) [45]. Patients were excluded if aged 
≥75 years, weighed <60 kg or had active bleeding, cerebrovascular 
disease, or hepatic impairment. No differences were reported in the 
frequency of in‐hospital bleeding complications, unadjusted in‐
hospital, 30‐day or 1‐year mortality, in prasugrel and clopidogrel‐
treated patients. Covariate‐adjusted analysis demonstrated an 
association between prasugrel and reduced mortality at 1 year (HR 
0.47, 95% CI 0.25–0.88; p = 0.018). However, several limitations of 
this study suggest caution in the interpretation of these findings, 
including the highly selected, retrospective population.

Recently, methodologically superior registry data has emerged, 
prospectively following 23,994 clopidogrel‐treated and 2142 prasu
grel‐treated patients undergoing PCI [46]. Prasugrel was primarily 
used in patients with STEMI, without hemorrhagic risk factors. In 
patients presenting with ACS, lower mortality was observed in 
prasugrel‐treated than the clopidogrel‐treated patients; however, 
mortality remained equivocal in those undergoing elective angiog
raphy and PCI. In‐hospital bleeding complications occurred less 

frequently in prasugrel‐treated than clopidogrel‐treated patients. 
These data suggest that when prasugrel is used in appropriately 
selected patients (i.e., those with ACS) and avoided in patients with 
characteristics indicating increased risk of hemorrhage, mortality 
and bleeding rates are acceptably low for both agents. These studies 
indicate that although prasugrel has a role in specific groups of high 
risk ACS patients, it should be used with caution in patients for 
whom the risks outweigh benefits.

non‐thienopyridine P2Y
12 receptor antagonists

Ticagrelor
The development of ticagrelor was impelled by the need for an 
agent that overcomes the limitations of the thienopyridines—the 
slow onset and wide inter‐individual variability of clopidogrel, and 
the adverse safety profile of prasugrel. Preclinical and early phase 
clinical studies demonstrated that ticagrelor is characterized by 
rapid, extensive, and consistent antiplatelet activity, with favorable 
bleeding risks.

The landmark PLATO trial randomized 18,624 ACS patients to 
receive ticagrelor (180 mg loading dose, 90 mg twice daily mainte
nance dose) or clopidogrel (300–600 mg loading dose, 75 mg/day 
maintenance dose) [47]. Patients with moderate–high risk ACS 
received an additional, blinded loading dose of clopidogrel (total 
loading dose 600 mg) or placebo. In contrast to TRITON‐TIMI‐38, 
randomization occurred before angiography, and non‐clopidogrel‐
naïve patients were eligible. At 12 months, ticagrelor significantly 
reduced the primary endpoint (cardiovascular death, non‐fatal MI, 
or stroke; 9.8% vs. 11.7%, HR 0.84, 95% CI 0.77–0.92; p <0.0001), 
driven by reductions in cardiovascular mortality (4.0% vs. 5.1%, 
HR 0.79, 95% CI 0.69–0.91; p = 0.001), non‐fatal MI (5.8% vs. 6.9%, 
HR 0.84, 95% CI 0.75–0.95; p = 0.005) and stent thrombosis (2.2% 
vs. 3.0%, HR 0.73, 95% CI 0.57–0.94; p = 0.014). Overall, no dif
ference in bleeding was observed in ticagrelor‐treated and 
 clopidogrel‐treated patients (11.6% vs. 11.2%, HR 1.04; p = 0.43). 
However, major bleeding was significantly higher in ticagrelor‐
treated patients (2.8% vs. 2.2%; p = 0.03; by TIMI criteria), including 
fatal intracranial hemorrhage (0.1% vs. 0.01%; p = 0.02), but not all‐
cause fatal bleeding (0.3% vs. 0.3%; p = 0.66). The absolute rate of 
major bleeding was similar to that in TRITON‐TIMI‐38. Several 
PLATO subgroup analyses demonstrate consistency of the benefits 
of ticagrelor in patients undergoing (i) coronary artery bypass graft 
surgery [48], (ii) planned PCI[ 49] and (iii) non‐invasive, medical 
management [50]. Unlike prasugrel in TRITON‐TIMI‐38, there 
were no patient subgroups for which there was an excess frequency 
of bleeding, including those with cerebrovascular disease, or aged 
≥75 years. However, several non‐hematologic, off‐target effects 
were observed; associated with discontinuation of the study drug 
including: (i) ventricular pauses, (ii) dyspnea, and (iii) elevated 
serum creatinine and uric acid. Although precise mechanisms 
remain to be definitively elucidated, these effects have not been 
proven to have any other demonstrable clinical impact. Additionally, 
subgroup analysis demonstrated worse outcomes in North 
American ticagrelor‐treated patients, associated with the use of 
high dose daily aspirin (>100 mg) [51]. As such, the use of aspirin 
doses lower than 100 mg are recommended.

PLATO did not evaluate the use of a pre‐treatment strategy com
pared with delayed administration; all patients received pre‐treat
ment, irrespective of the intended (i.e., invasive or non‐invasive) 
strategy. As such, the recently reported ATLANTIC study offers 
further insight on the optimal timing of administration; randomiz
ing 1862 patients with STEMI in double‐blind fashion to receive 
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either pre‐hospital or in‐laboratory ticagrelor [52]. ATLANTIC 
recruited patients with ongoing STEMI of duration less than 
6  hours; the median time difference between the two treatment 
arms (pre‐hospital or in‐hospital) was 31 minutes. No difference 
was observed in the proportion of patients achieving ≥70% resolu
tion of ST‐elevation prior to PCI, or TIMI flow grade 3 in the 
infarct‐related artery at angiography. Thirty‐day MACE rates did 
not significantly differ between the treatment arms, although the 
rate of stent thrombosis was lower in the pre‐hospital group than 
the in‐hospital group (0 vs. 0.8% at 24 hours, 0.2% vs. 1.2% at 
30 days). The frequency of major bleeding was low and equivocal. 
Thus, administering ticagrelor in the pre‐hospital setting does not 
improve outcomes (or increase risk) for patients with STEMI.

Until recently, there has existed a paucity of evidence regarding 
the long‐term efficacy of treatment with ticagrelor post‐MI and 
post‐PCI. The multicenter PEGASUS‐TIMI 54 trial randomized 
21,162 patients (17,568 of whom had undergone previous PCI; 
83.0%), 1–3 years post‐MI, to receive ticagrelor 90 mg twice daily 
(high dose), ticagrelor 60 mg twice daily (low dose), or placebo, in 
addition to low dose aspirin, in double‐blind fashion [53]. The 
 primary efficacy endpoint (composite of cardiovascular death, MI, 
or stroke) was reduced in both the 90 and 60 mg groups, versus 
 placebo (90 mg twice daily: HR 0.85, 0.75–0.96; p = 0.008; 60 mg 
twice daily: HR 0.84, 0.74–0.95; p = 0.004). However, there was no 
difference in the primary endpoint when comparing the low and 
high dose groups (p = NS). Patients receiving the low and high dose 
ticagrelor had a 2.3‐ and 2.7‐fold greater risk of clinically significant 
bleeding, and a 3.0‐ and 3.7‐fold greater need for transfusion, 
respectively, compared with placebo (all p <0.001). As such, the 
authors conclude that the long‐term administration of 60 mg twice 
daily ticagrelor can offer the most attractive risk–benefit profile, in 
addition to low dose aspirin, following MI. Thus, the long‐term 
administration of ticagrelor post‐PCI, in carefully selected patients, 
offers significant improvements in patient outcomes.

other oral antiplatelet agents
Despite significant progress in the development of oral antiplatelet 
agents as adjuncts to PCI, success has been far from universal. In 
particular, the development of the oral glycoprotein IIb/IIIa inhibi
tors has been fraught with difficulty: xemilofiban, orbofiban, and 
sibrafiban have all undergone extensive placebo‐controlled phase 3 
clinical trials in CAD [54–56]. Each of these trials failed to report 
benefits, and suggested increased off‐target mortality associated 
with such therapy.

Other oral APT agents have received approval for clinical use in 
various clinical settings—including cilostazol, dypirimidamole, and 
pentoxifylline—but are not indicated in PCI, because of an insuffi
cient evidence of benefit. Several novel agents, targeting different 
pathways in the thrombotic pathway, are currently in development. 
These have emerged in response to the shortcomings of current 
APT, which include: (i) no available TxA2 pathway inhibitor apart 
from aspirin, to which a significant proportion of patients are aller
gic, cannot tolerate, or demonstrate inadequate responses; and 
(ii) the slow offset of P2Y12‐receptor antagonists, an issue in patients 
with hemorrhagic complications.

Direct inhibition of the TxA2 pathway poses several advantages 
over upstream COX‐1 inhibition, including more potent platelet 
inhibition (via antagonism of endoperoxides at their receptors, or 
TxA2 synthase) and less off‐target effects (e.g., gastric mucosal ero
sion). TxA2 inhibitors under development include picotamide, 
ridogrel, terutroban, ramatroban, EV077, and NCX4016. Although 

TxA2 inhibition remains a promising strategy, of the agents that 
have undergone clinical testing against aspirin (picotamide, 
ridogrel, terutroban), results have largely been underwhelming 
[57–59]. Elinogrel, a direct‐acting, reversible ADP P2Y12‐receptor 
antagonist, available in both intravenous and oral forms, provides 
potent platelet inhibition, with rapid onset and offset of action [60]. 
Despite demonstrating early promise in preclinical and early 
clinical studies, a phase 2 trial of elinogrel as an adjunct to PCI 
demonstrated an unacceptable bleeding risk compared with clopi
dogrel (INNOVATE‐PCI; HR 1.98, 95% CI 1.10–3.57) [61]. As a 
result, the development of elinogrel was terminated prior to phase 3 
trials, in 2012.

Another potential avenue of antiplatelet therapy is inhibition of 
platelet PAR‐1, which interacts with thrombin. Two candidate com
pounds are currently undergoing development; vorapaxar (which 
has undergone phase 3 trials) and atopaxar (which has undergone 
phase 2 trials). Two large‐scale phase 3 trials of vorapaxar, TRACER 
and TRA 2°P‐TIMI‐50 both report that the agent is efficacious in 
preventing MACE, but at the expense of significant bleeding 
[62,63]. Indeed, both trials were terminated prematurely because of 
an unacceptable risk of hemorrhage. Phase 2 trials (LANCELOT‐
ACS, LANCELOT‐CAD, and J‐LANCELOT) demonstrated the 
favorable safety profile of atopaxar with regard to bleeding risk, in 
patients with both ACS and stable CAD [64–66]. However, other 
side effects (dose‐related QTc prolongation, hepatic transaminase 
elevation) were observed. Although phase 3 trials are required to 
provide definitive answers, none are planned at present.

Additional potential oral agents in early, preclinical develop
ment, include nitric oxide donors (LA419, LA846), prostaglandin E 
receptor 3 (DG‐041), and serotonin receptor antagonists (APD791). 
Further preclinical testing is required before the applications of 
these agents become apparent.

Clinical guidelines: oral antiplatelet 
therapy in PCI
Evidence‐based clinical guidelines advise clinicians regarding the 
optimal antiplatelet pharmacotherapy in patients undergoing PCI. 
The latest European Society of Cardiology (ESC) and European 
Association for Cardiothoracic Surgery (EACTS) guidelines strat
ify  optimal APT by indication for PCI: (i) stable CAD, (ii) 
NSTEACS, and (iii) STEMI (Table 40.1) [1]. In all indications for 
PCI, a 150–300 mg loading dose of aspirin, followed by 75–100 mg 
life‐long daily maintenance dose, is recommended.

In PCI for stable CAD, 300–600 mg clopidogrel loading dose, fol
lowed by 75 mg/day, should be administered. Although no evidence 
of benefit exists for systematic clopidogrel preloading before diag
nostic coronary angiography in stable CAD [32], a loading dose of 
600 mg is recommended in patients scheduled for elective PCI if 
coronary anatomy has been pre‐established. In PCI for NSTEACS, 
DAPT is recommended with a potent P2Y12‐receptor antagonist; 
either prasugrel (60 mg loading and 10 mg/day maintenance dose), 
ticagrelor (180 mg loading and 90 mg twice daily maintenance 
dose) or, when these are contraindicated or not available, clopi
dogrel (600 mg loading and 150 mg/day maintenance dose). In PCI 
for STEMI, DAPT with a potent P2Y12‐receptor antagonist is also 
recommended; either prasugrel (60 mg loading and 10 mg/day 
maintenance dose), or ticagrelor (180 mg loading and 90 mg twice 
daily maintenance dose). However, caution against the use of these 
agents is advised in patients with cerebrovascular disease, or moderate‐
to‐severe hepatic impairment—clopidogrel (600 mg loading and 



table 40.1 Summary of current European (ESC/EACTS) guidelines regarding the use of oral antiplatelet agents in percutaneous coronary 
intervention (PCI).

indication for Pci oral antiplatelet Recommendations class Level

Stable CAD Aspirin Indicated prior to elective stenting I B

Pre‐treatment with 150–300 mg loading dose if not on maintenance dose I C

Life‐long aspirin therapy recommended I A

Clopidogrel Treatment with 600 mg loading dose once anatomy known, and PCI is 
planned. Preferably ≥2 hours pre‐procedure

I A

Consider pretreatment in patients at high probability for significant CAD IIb C

In patients on 75 mg maintenance therapy, a new loading dose of 600 mg 
may be conisdered, once PCI is planned

IIb C

600 mg loading dose, 75 mg/day maintenance dose is recommended for 
elective stenting

I A

Continue for at least 1 month after BMS implantation I A

Continue for at least 6 months after DES implantation I B

Shorter duration (<6 months) can be considered after DES implantation for 
patients at high risk of bleeding

IIb A

Longer duration (>6 months) can be considered in patients at high ischemic 
risk and low bleeding risk

IIb C

Non‐ST‐elevation 
ACS

Aspirin Recommended in all patients without contraindications. 150–300 mg loading 
dose, 75–100 mg/day maintenance dose. To be continued indefinitely

I A

Prasugrel 60 mg loading dose, 10 mg/day maintenance dose, for patients in whom 
coronary anatomy is known and who are proceeding to PCI. Contraindicated 
in patients with prior TIA/stroke. Not recommended in patients >75 years of 
age. Consider lower maintenance dose in patients weighing <60 kg. Continue 
for 12 months, unless contraindications exist (excess bleeding risk)

I B

Ticagrelor 180 mg loading dose, 90 mg twice daily maintenance, for patients at 
moderate–high risk of ischemic events, regardless of initial treatment strategy 
including those pretreated with clopidogrel, if no contraindication. Continue 
for 12 months, unless contraindications exist (excess bleeding risk)

I B

Clopidogrel 600 mg loading dose, 75 mg/day dose, only when prasugrel or ticagrelor are 
not available or are contraindicated. Continue for 12 months, unless 
contraindications exist (excess bleeding risk)

I B

ST‐elevation MI Aspirin Recommended in all patients without contraindications. 150–300 mg loading 
dose, 75–100 mg/day maintenance dose. To be continued indefinitely

I A

Prasugrel 60 mg loading dose at first medical contact, 10 mg/day maintenance dose, 
unless contraindication. Contraindicated in patients with prior TIA/stroke. Not 
recommended in patients >75 years of age. Consider lower maintenance dose 
in patients weighing <60 kg. Continue for 12 months, unless 
contraindications exist (excess bleeding risk)

I B

Ticagrelor 180 mg loading dose at first medical contact, 90 mg twice daily maintenance, 
unless contraindication. Continue for 12 months, unless contraindications 
exist (excess bleeding risk)

I B

Clopidogrel 600 mg loading dose at first medical contact, 75 mg daily dose, only when 
prasugrel or ticagrelor are not available or are contraindicated. Continue for 
12 months, unless contraindications exist (excess bleeding risk)

I B

ACS, acute coronary syndrome; BMS, bare metal stent; CAD, coronary artery disease; DES, drug‐eluting stent; MI, myocardial infarction; PCI, percutaneous coronary 
intervention.
Source: Adapted from: Kohl et al. (2014) [1].



table 40.2 Summary of current North American (ACC/AHA/SCAI) guidelines regarding the use of oral antiplatelet agents in PCI.

indication 
for Pci

oral 
antiplatelet Recommendations class Level

ACS Aspirin Patients already taking daily aspirin therapy should take 81–325 mg before PCI I B

Patients not on aspirin therapy should be given a loading dose of 325 mg before PCI I B

After PCI, use of aspirin should be continued indefinitely I A

After PCI, aspirin 81 mg/day should be used in preference to higher maintenance doses IIa B

Clopidogrel A loading dose of 600 mg of clopidogrel should be considered I B

The clopidogrel loading dose for patients undergoing PCI post‐fibrinolysis therapy 
should be: (i) 300 mg within 24 hours; or (ii) 600 mg >24 hours after receiving fibrinolysis

I C

In patients receiving a stent (either BMS or DES) during PCI, clopidogrel 75 mg/day 
should be given for at least 12 months

I B

If the risk of morbidity from bleeding outweighs the anticipated benefit afforded by a 
recommended duration of clopidogrel therapy after stent implantation, earlier 
discontinuation (e.g., <12 months) of clopidogrel inhibitor therapy is reasonable

IIa C

Prasugrel A loading dose of 60 mg prasugrel should be considered I B

In patients receiving a stent (either BMS or DES) during PCI, prasugrel 10 mg/day 
should be given for at least 12 months

I B

If the risk of morbidity from bleeding outweighs the anticipated benefit afforded by a 
recommended duration of prasugrel therapy after stent implantation, earlier 
discontinuation (e.g., <12 months) of prasugrel inhibitor therapy is reasonable

IIa C

Prasugrel should not be administered to patients with a prior history of stroke or 
transient ischemic attack

III B

Ticagrelor A loading dose of 180 mg ticagrelor should be considered I B

In patients receiving a stent (either BMS or DES) during PCI, ticagrelor 90 mg twice 
daily should be given for at least 12 months

I B

If the risk of morbidity from bleeding outweighs the anticipated benefit afforded by a 
recommended duration of clopidogrel therapy after stent implantation, earlier 
discontinuation (e.g., <12 months) of ticagrelor inhibitor therapy is reasonable

IIa C

Non‐ACS Aspirin Patients already taking daily aspirin therapy should take 81–325 mg before PCI I B

Patients not on aspirin therapy should be given a loading dose of 325 mg before PCI I B

After PCI, use of aspirin should be continued indefinitely I A

Clopidogrel A loading dose of 600 mg clopidogrel should be considered I B

In patients receiving a stent (either BMS or DES) during PCI, clopidogrel should be 
given for a minimum of 1 month; ideally up to 12 months (unless bleeding risk 
increased—then it should be given for a minimum of 2 weeks)

I B

Prasugrel If the risk of morbidity from bleeding outweighs the anticipated benefit afforded by a 
recommended duration of prasugrel therapy after stent implantation, earlier 
discontinuation (e.g., <12 months) of prasugrel inhibitor therapy is reasonable

IIa C

Prasugrel should not be administered to patients with a prior history of stroke or 
transient ischemic attack

III B

Ticagrelor If the risk of morbidity from bleeding outweighs the anticipated benefit afforded by a 
recommended duration of clopidogrel therapy after stent implantation, earlier 
discontinuation (e.g., <12 months) of ticagrelor inhibitor therapy is reasonable

IIa C

ACC, American College of Cardiology; ACS, acute coronary syndrome; AHA, American Heart Association; BMS, bare metal stent; CAD, coronary artery disease; DES, 
drug‐eluting stent; PCI, percutaneous coronary intervention; SCAI, Society for Cardiac Angiography and Interventions.
Source: Adapted from Levine GN, et al. 2011 [2].
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150 mg/day maintenance dose) should be substituted. In addition, 
all patients should be instructed not to prematurely discontinue 
oral APT without first consulting a physician, because of increased 
risks of recurrent MI and stent thrombosis [67].

The most recent American College of Cardiology (ACC) and 
American Heart Association (AHA) guidelines (Table 40.2) advo
cate broadly similar regimens [2]. An aspirin loading dose of 325 mg 
for aspirin‐naïve patients, or 81–325 mg for patients previously 
receiving daily aspirin, is recommended, with low dose aspirin 
advocated indefinitely. Patients should also receive a loading dose 
of a P2Y12‐receptor antagonist; recommended options include: (i) 
clopidogrel (600 mg; ACS and non‐ACS patients), (ii) prasugrel 
(60 mg; ACS patients), or ticagrelor (180 mg; ACS patients). Patients 
should be counseled on the need for, and risk of, DAPT in advance 
of stent placement, and alternatives pursued (i.e., balloon angio
plasty) if patients are unwilling or unable to comply for the recom
mended duration. The guidelines advocate a holistic assessment of 
potential benefits and harms (thrombotic vs. bleeding risks), and 
pragmatic adjustment of the post‐PCI antiplatelet regimen, 
accordingly.

Future perspectives
Despite significant progress, a number of questions remain unan
swered regarding the optimization of oral antiplatelet therapy dur
ing PCI. Perhaps most importantly: how much scope remains for 
the further improvement of oral antiplatelet therapy in PCI, given 
the current status of such therapy, and recent improvements in 
intravenous antiplatelet agents (e.g., GP IIb/IIIa inhibitors, direct 
thrombin inhibitors). Insight from the PARIS registry, which pro
spectively studied 5018 patients undergoing PCI indicated that 
MACE following cessation of DAPT depend on the clinical circum
stances of discontinuation, and attenuate over time [67]. 
Approximately half of all premature discontinuations within 2 years 
of PCI was physician‐advised, and did not result in adverse out
comes. However, disruptions in antiplatelet therapy or non‐compli
ance were associated with a significantly increased risk of MACE, 
which attenuated after 30 days. Surprisingly, the overall contribu
tion of DAPT cessation was small—indeed, most MACE occurred 
while patients were receiving optimal DAPT (74%; 8.5% of overall 
study population). Although patients received mainly aspirin and 
clopidogrel DAPT, improvements in antiplatelet regimens may still 
yield improved outcomes in a large number of patients for whom 
existing therapy is ineffectual.

Despite a number of placebo‐ and clopidogrel‐controlled studies, 
the relative efficacy and safety of prasugrel and ticagrelor remains 
uncertain: head‐to‐head comparisons, in prospective, randomized 
studies, are required. In the interim, subgroup and meta‐analysis 
represents approaches by which these strategies can be indirectly 
compared, in different settings. A further concern is that of cost; the 
newer, more potent P2Y12 inhibitors remain on‐patent, and are thus 
greatly more expensive than clopidogrel, which has recently become 
available in a generic, inexpensive formulation in most countries. 
However, as the patents for prasugrel and ticagrelor expire in 2017 
and 2018, respectively, generic forms could soon become available.

Conclusions
The evolution of antiplatelet strategies has yielded incremental 
improvements in peri‐ and post‐PCI outcomes, as a direct result of 
demonstration of safety and efficacy in methodologically robust 

randomized clinical trials and prospective registries. However, 
despite notable advances and best‐available antiplatelet regimens, a 
proportion of patients continue to experience adverse outcomes; 
both ischemic and from bleeding risks. As such, decisions regarding 
antiplatelet therapy must be patient‐centered; holistically apprais
ing the potential benefits and risks inherent with such treatment. 
Further optimization of present antiplatelet pharmacotherapeutic 
regimens, and the development of novel oral antiplatelet agents 
targeting novel pathways in the thrombotic pathway, will surely 
continue to improve outcomes following PCI.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Unfractionated heparin (UFH) has been the mainstay of anticoagu
lation in ischemic coronary disease for over a quarter of a century. 
However, pharmacologic treatment options have expanded rapidly 
over the past decade with the advent of low molecular weight hep
arins (LMWH), direct thrombin inhibitors, and factor Xa inhibitors. 
Discrete bodies of evidence have emerged to support the use of each 
of these agents across the spectrum of urgent or elective percutane
ous coronary intervention (PCI). This chapter examines the data on 
the use of available anticoagulants in the setting of PCI for the differ
ent clinical presentations of coronary artery d isease (CAD), and 
makes summary recommendations for best clinical practice.

Heparin
Structure and function
Heparin was fortuitously isolated from dog liver in 1916. Its struc
ture was elucidated 20 years later at approximately the same time as 
it was introduced into clinical practice. UFH is a sulfated glycosa
minoglycan composed of alternating uronate and glucosamine 
units that contain straight chain mucopolysaccharides of highly 
variable length. This complex heterogeneous substance has a 
molecular weight ranging 3–30 kDa with a mean of 15 kDa.

Heparin functions as an indirect thrombin inhibitor, exerting its 
effects through the endogenous serine protease antithrombin (AT) 
III (Table 41.1). As AT complexes with heparin it undergoes a con
formational change, accelerating its enzymatic activity by 1000× to 
4000×. This results in the rapid inhibition of factor IIA (thrombin), 
factor Xa, and, to a lesser extent, factors IXa and XIa (Figure 41.1). 
Heparin requires a specific pentasaccharide motif for  AT binding 
and polysaccharide chains of at least 18 units of length for thrombin 
inactivation (ternary complex formation with AT and thrombin).

Guidelines recommendation
Despite the advent of new pharmacologic therapies and intracoro
nary interventions, UFH remains the standard of care for prevent
ing thrombus formation and propagation in the setting of PCI. 
Indeed, it has a Class I indication for the use in PCI across the entire 
spectrum of clinical presentations of CAD, including stable CAD, 
non‐ST‐elevation acute coronary syndrome (NSTE‐ACS), and 
ST‐elevation myocardial infarction (STEMI) [1–3].

Dosing recommendation
Because of marked variability in UFH bioavailability, monitoring of 
its anticoagulant effect is required. Before PCI with no planned use 
of a glycoprotein IIb/IIIa inhibitor (GPI), UFH is administered as a 
70–100 IU/kg bolus, to achieve a target activated clotting time 
(ACT) of 250–300 s for HemoTec and 300–350 s for Hemochron. 
If  GPI use is planned, a 50–70 IU/kg bolus to achieve an ACT of 
200–250 s is recommended. In patients with ACS, UFH can be initi
ated at presentation at an initial bolus of 60–70 IU/kg with a maxi
mum of 5000 IU, followed by an initial infusion of 12–15 IU/kg/h, to a 
maximum of 1000 IU/h, maintaining an activated partial thrombo
plastin time (aPTT) level of 50–75 s, corresponding to 1.5–2.5 times 
the upper limit of normal. This narrow therapeutic window is due 
to the increased risk of bleeding complications, without further anti
thrombotic benefits at the higher aPTT values. In patients receiving 
prior UFH, at the time of PCI an additional UFH bolus is adminis
tered as needed (e.g., 2000–5000 IU) to achieve the ACT target level.

Heparin can be discontinued at the end of the PCI with few 
exceptions (left ventricular aneurysm and/or thrombus, atrial 
fibrillation, prolonged bed rest, deferred sheath removal).

Reversal
In the event of bleeding complications the anti‐IIa effects of UFH 
can be reversed by the administration of protamine sulfate. 
Protamine should be given as a slow intravenous (IV) infusion 
administration of 1 mg protamine/100 units remaining circulating 
heparin. Patients should not receive a protamine bolus of >25–50 mg. 
Indeed, excessive protamine administration can lead to paradoxical 
anticoagulation. Those who have been previously exposed to prota
mine, including diabetic patients receiving insulin, have a 1% risk of 
a hypersensitivity or anaphylactic reaction.

Limitations
The use of UFH has a number of limitations (Table 41.1). Indeed, 
heparin is unable to bind clot‐bound thrombin or factor Xa bound to 
platelets in the prothrombinase complex. It does bind non‐specifi
cally to platelets, macrophages, and endothelial cells, and can acti
vate platelet function. These phenomena theoretically reduce the 
ischemic efficacy of heparin. Heparin also binds to cells and plasma 
proteins resulting in a variable dose–response relationship leading to 
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a narrow therapeutic window, and to several side effects. Indeed, its 
interaction with platelet factor 4 can result in the production of anti
bodies that lead to heparin‐induced thrombocytopenia (HIT). The 
XLM fraction (or “extra large” material >8 kDa heparin contains) 
also contributes to an increased risk of hemorrhagic complications.

Heparin‐induced thrombocytopenia
As many as 20% of patients receiving UFH experience thrombocy
topenia and/or >50% drop in their platelet count 48 hours after 
i nitiation of therapy. This thrombocytopenia is often benign, 
u sually normalized even with continued heparin therapy, and is 
often referred to as HIT type 1.

In 0.2–0.3% of individuals receiving heparin, platelet counts will 
drop precipitously (thrombocytopenia with median count 60,000/μL, 
>50% drop in initial platelet count) after 4–10 days after initiation of 
heparin and will not reverse. Thrombocytopenia is often associated 
with thrombotic and rarely with hemorrhagic complications. This 
serious disorder is referred to as HIT type 2 (HIT‐2). Rapid‐onset 
HIT‐2 occurs <24 hours after the initiation of heparin and is seen in 
the setting of previous heparin exposure within 3–4 months. 
Occasionally, thrombocytopenia can occur within days or weeks 
after cessation of heparin (delayed‐onset HIT).

HIT‐2 results from immunoglobulins G and M (IgG and IgM) 
antibody formation against a neoepitope created by the heparin–PF4 
complex. Antibody formation leads to platelet consumption and 
often thrombosis; antibodies can also mediate heparin‐induced skin 
necrosis. The heparin–PF4–antibody complex can bind platelet Fc‐γ‐
RIIA, leading to platelet activation, PF4 release, and further propaga
tion of platelet activation. The same complex can bind microvascular 
endothelial cells, leading to the release of platelet secretagogues and 

adhesion molecules. Furthermore, the heparin–PF4–antibody com
plex can interact with monocytes to cause the release of tissue factor.

Thrombosis occurs in up to 75–90% of patients with HIT‐2 and 
more commonly occurs in the venous (deep venous thrombosis/
pulmonary embolism, gangrene, cerebral sinus thrombosis) as 
opposed to the arterial (myocardial infarction, stroke, acute limb 
ischemia, mesenteric ischemia) circulation.

HIT‐2 is a clinical diagnosis but is aided by laboratory testing. 
Many hospitals use enzyme‐linked immunosorbent assay (ELISA) 
to detect antibodies to the heparin–PF4 complex. This test is highly 
sensitive (>90–95% sensitivity) but much less specific (75–85% 
specificity) for HIT‐2. Serotonin release and heparin‐induced plate
let aggregation have also been utilized to aid in making a diagnosis.

The first step in the treatment of HIT‐2 is the immediate cessa
tion of all heparin therapy including subcutaneous heparin and 
heparin flushes. Direct thrombin inhibitors (DTI), discussed later, 
are used to prevent primary or recurrent thrombosis. If a patient 
has thrombocytopenia but not thrombosis, a DTI is continued until 
the platelet count normalizes. Observation is reasonable if the 
patient is at high risk for bleeding but bear in mind that the patient 
is still at risk for thrombosis. If a patient requires ongoing anti
coagulation for thrombosis or comorbidities (atrial fibrillation, 
mechanical valve) then a DTI is continued and overlapped for at 
least 5 days with warfarin therapy. Warfarin should be continued 
for 2–3 months or 3–6 months in the absence and in the presence of 
thrombosis, respectively. Heparin can be reintroduced for short 
periods of time (i.e., during cardiac surgery) in patients with history 
of HIT‐2 (>4 months) who are clear of antibodies because the 
assumption is it would take approximately 3 days to mount an 
anamnestic response to repeated exposure.

Table 41.1 Comparison of antithrombotic agents.

Heparin Enoxaparin Direct thrombin inhibitors

• Indirect thrombin inhibitor
• Non‐specific binding to:

 ∘ Serine proteases
 ∘ Endothelial cells

• Reduced effect in ACS
 ∘ Inhibited by PF‐4
 ∘ Clot‐bound thrombin

• Causes platelet aggregation
• Non‐linear 

pharmacokinetics
• Risk of HIT

• Indirect thrombin inhibitor
• Less non‐specific binding than UFH
• Reduced effect in ACS

 ∘ Compared to UFH, markedly less inhibition  
by PF‐4

 ∘ Clot‐bound thrombin
• Causes much less platelet aggregation  

than UFH
• Predictable anticoagulation
• Markedly reduced risk of HIT

• Do not require a cofactor
• Not inhibited by PF‐4 or anti‐heparin 

proteins
• Effective against clot‐bound 

thrombin
• No platelet aggregation
• Predictable anticoagulation
• No thrombocytopenia

Heparin

Anti-lla effect

AT lla AT Xa

Chain length-dependent Not chain length-dependent

Anti-Xa effect

Figure 41.1 Schematic depiction of the anti‐IIa and anti‐Xa activities of unfractionated heparin (UFH).
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Low molecular weight heparin
Structure and function
Low molecular weight heparin is produced through the enzymatic or 
chemical (nitrous acid, alkaline) degradation of UFH. These pro
cesses result in smaller molecules containing shorter polysaccharide 
chains (Table 41.2). The molecular weight of LMWH ranges 2–9 kDa 
with an average of 4–5 kDa (Table 41.2). LMWH has a few theoretical 
advantages over UFH (Table 41.1). LMWH still acts through AT, but 
because many of its chains contain <18 monosaccharides they cannot 
form a ternary complex with AT and thrombin; therefore LMWH 
has preferential anti‐Xa effect as opposed to antithrombin activity. 
LMWH has a complete bioavailability after subcutaneous administra
tion, longer than twice the half‐life of UFH (4.5–7 hours for enoxaparin) 
and a predictable dose–response relationship, not requiring antico
agulation monitoring (Table  41.1). LMWH incurs much less non‐
specific binding and therefore presents a lower risk of HIT‐2 and 
results in less platelet activation than with UFH. LMWH is cleared 
predominantly by the kidneys but also by the reticulo‐endothelial sys
tem. This becomes important for dosing in renal failure. Enoxaparin 
is the best studied LMWH for ischemic prophylaxis in CAD.

Enoxaparin in PCI for stable coronary artery disease
The role of enoxaparin in elective PCI for stable disease has been 
evaluated in the STEEPLE open‐label trial which randomized 3528 
patients to either IV enoxaparin 0.5 or 0.75 mg/kg or UFH [4]. The 
primary endpoint of non‐CABG‐related bleeding over 48 hours 
was significantly reduced for the lower dose (0.5 mg/kg) but not the 
higher dose (0.75 mg/kg) group. Major bleeding was significantly 
reduced in both enoxaparin groups, with similar efficacy compared 
with UFH. Enoxaparin provided more predictable anticoagulation. 
The enoxaparin low‐dose arm was stopped prematurely because of 
a non‐significant trend toward excess mortality not related to 
ischaemic events and not confirmed at 1 year of follow‐up.

Based on this trial, enoxaparin should be considered as an alter
native to UFH for elective PCI in patients with stable CAD accord
ing to European (Class IIa, B) and US (Class IIb, B) guidelines, 
respectively [1,5].

Enoxaparin in PCI for non‐ST‐elevation acute 
coronary syndrome
The SYNERGY study evaluated the safety and efficacy of enoxapa
rin within the context of an early invasive strategy in 10,027 patients 
with high risk ACS. Patients received either open‐label enoxaparin 
(1 mg/kg) or UFH until anticoagulation was no longer required as 
judged by the patient’s treating physician [6]. The majority of 
patients received contemporary pharmacologic therapy including 

aspirin (95%), thienopyridines (66%), and GPI (57%). Most patients 
(92%) underwent coronary angiography, 47% underwent PCI, and 
19% bypass surgery. For those undergoing PCI who were assigned 
to enoxaparin, if the last enoxaparin dose was given <8 hours prior 
to the  procedure no additional drug was given. If the last enoxapa
rin dose was given >8 hours prior to PCI an additional enoxaparin 
bolus of 0.3 mg/kg was administered prior PCI. Seventy‐five per
cent of trial patients received antithrombin therapy prior to rand
omization. The enoxaparin group met non‐inferiority criteria with 
respect to the primary efficacy composite endpoint of 30‐day all‐
cause death or non‐fatal myocardial infarction (MI). No significant 
differences were observed for ischemic events during PCI including 
abrupt  closure, threatened abrupt closure, unsuccessful PCI, or 
emergency bypass surgery. There was a modest significant increase in 
bleeding complications with enoxaparin. However, a relative advantage 
of enoxaparin emerged when therapy crossovers were censored.

Based on this trial, enoxaparin should be considered for PCI in 
patients with NSTE‐ACS pre‐treated with subcutaneous enoxapa
rin according to European (Class IIa, B) and US (Class IIb, B) 
guidelines (Table 41.3) [1,2]. Crossover of UFH and LMWH is not 
recommended.

Enoxaparin in primary PCI for ST‐elevation 
myocardial infarction
Enoxaparin (0.5 mg/kg intravenous bolus) was compared with 
UFH in the setting of primary PCI only in the ATOLL randomized, 
open‐label trial, including 910 patients [7]. The 30‐day primary 

Table 41.2 Comparison of low molecular weight heparins.

Median molecular weight Anti‐Xa IU/mg Anti‐lla IU/mg Xa/lla

Enoxaparin 4800 104 32 3.3

Dalteparin 5000 122 60 2.0

Nadroparin 4500 94 31 3.0

Tinzaparin 4500 90 50 1.8

Clivarine 3900 130 40 3.3

Table 41.3 European and US guidelines indications for the use 
of parenteral anticoagulant agents for percutaneous coronary 
intervention (PCI) in the setting of acute coronary syndrome.

Enoxaparin UFH Bivalirudin

NSTE‐ACS (EU 
2014) [1]

IIa* B I C I A

NSTE‐ACS (US 
2011) [2]

IIb* B I C I B

STEMI (EU 2014) [1] IIa B I C IIa A

STEMI (US 2013) [3] – – I C I B

* Enoxaparin should be considered for PCI in patients pre‐treated with 
subcutaneous enoxaparin. Crossover of UFH and LMWH is not recommended.
NSTE‐ACS: non‐ST‐Elevation acute coronary syndrome; STEMI: ST‐Elevation 
myocardial infarction; UFH: unfractionated heparin.
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composite endpoint of death, complication of MI, procedural fail
ure, or major bleeding was not significantly reduced in the enoxa
parin arm. There was no signal of higher incidence of bleeding 
from use of enoxaparin over UFH. In the per‐protocol analysis of 
the ATOLL trial—pertinent to more than 87% of the study popula
tion—enoxaparin was superior to UFH in reducing the primary 
endpoint, and also mortality and major bleedings, contributing to 
the improvement of the net clinical benefit [8].

Based on this trial, enoxaparin with or without GPI should be 
considered as an alternative to UFH for primary PCI in patients with 
STEMI according to the European guidelines (Class IIa, B; Table 41.3) 
[1]. There are no specific recommendations for the use of enoxapa
rin in the setting of primary PCI for STEMI in the US guidelines. 
According to these latter guidelines enoxaparin is recommended in 
Class I A as adjunctive antithrombotic therapy to support reperfusion 
in patients with STEMI treated with fibrinolytic therapy [3].

Dosing recommendations
In patients who have not received prior anticoagulant therapy a 
0.5–0.75 mg/kg IV bolus is given before PCI. For prior treatment 
with enoxaparin, if the last subcutaneous dose was administered 8 
hours earlier or if less than two therapeutic doses of enoxaparin 
have been administered, an additional intravenous dose of enoxa
parin 0.3 mg/kg is given before PCI.

Enoxaparin dosage should be reduced to 1 mg/kg once daily in 
patients with a creatinine clearance <30 L/min and is contraindi
cated in dialysis. Also caution should be used when treating the 
elderly and patients at both extremes of the weight spectrum for 
fear of an unreliable dose–response and an increased risk of 
bleeding.

Protamine can reverse the anti‐IIa effect of the higher molecular 
weight components of heparin but does not completely reverse the 
drug’s anti‐Xa activity. Protamine administered as 1 mg/100 units of 
circulating LMWH can reduce clinical bleeding. The dose should 
be reduced if LMWH was given >8 hours before the bleeding event.

Limitations of LMWH
LMWH can cause HIT‐2, although the incidence is markedly 
decreased compared to UFH therapy. LMWH is also associated 
with bleeding complications without an ideal option for reversal, 
although protamine can inhibit anti‐IIA effects.

Direct thrombin inhibitors
Direct thrombin inhibitors are small molecules that can bind and 
inactivate both circulating and clot‐bound thrombin (Table 41.1). 
DTI do not interact with plasma proteins or cells; therefore DTI do 
not activate platelets and do not cause HIT. In fact, they are used for 
the treatment of HIT. DTI have a much more predictable dose 
response than UFH. The three available DTI are L‐hirudin (lepiru
din), argatroban, and bivalirudin.

Hirudin was initially isolated from Hirudo medicinalis, the 
medicinal leech, and was identified as an antithrombotic agent in 
1884. Hirudin is a bivalent protein that binds irreversibly to throm
bin. It is renally cleared and is relatively contraindicated in patients 
with renal insufficiency. Production of anti‐hirudin antibodies is 
relatively common and can affect dosing, but there is only a 0.015% 
incidence of anaphylaxis with L‐hirudin exposure and a 0.016% 
incidence with re‐exposure.

Argatroban is a small, monovalent DTI that binds reversibly to 
thrombin. It has a half‐life of 50 minutes and is hepatically cleared. 

Argatroban is relatively contraindicated in patients with liver dys
function. Argatroban is not immunogenic.

Bivalirudin is a bivalent 20 amino acid protein that reversibly 
inhibits thrombin. It has a half‐life of 25 minutes and is cleared 
p redominantly through proteolytic cleavage, with renal excretion 
accounting for <20% of its degradation. Bivalirudin is not 
immunogenic.

No studies have evaluated the role of lepirudin in contemporary 
PCI. A few small studies have evaluated the effects of argatroban 
during PCI, and it is approved in this setting as an alternative anti
coagulant only in patients with HIT. Lepirudin and argatroban are 
approved only for the treatment of HIT. Bivalirudin can also be 
used in patients with HIT. Bivalirudin is currently the only DTI that 
has been extensively evaluated in several powered clinical trials 
with respect to its use in PCI across the broad spectrum of CAD [9].

Bivalirudin in PCI for stable coronary artery disease
ISAR‐REACT‐3 was the only randomized trial to compare bivali
rudin (bolus 0.75 mg/kg; infusion 1.75 mg/kg/h) with UFH 
(140 IU/kg) in 4570 patients pre‐treated with clopidogrel [10]. The 
trial showed similar net clinical outcomes (primary endpoint) 
between bivalirudin and UFH, with an excess of major bleeding in 
the UFH group, which could be attributable to the UFH dosage 
being higher than recommended. In the ISAR‐REACT 3A trial the 
use of a reduced UFH bolus of 100 IU/kg in 2505 patients led to no 
differences between bivalirudin and UFH in terms of major bleed
ing, with a trend toward less ischemic events in the UFH arm [11]. 
In view of the ISAR‐REACT 3 and 3A results with a trend toward 
a lower risk of MI, anticoagulation with UFH remains the standard 
anticoagulant treatment for elective PCI. According to the 
European guidelines, bivalirudin should be considered in place of 
UFH during elective PCI in patients at high‐risk for bleeding 
(Class IIa, B) [3].

Bivalirudin in PCI for non‐ST‐elevation acute 
coronary syndrome
ACUITY was the first large‐scale randomized trial to assess the use 
of bivalirudin as an alternative to UFH for anticoagulation in the 
contemporary treatment of NSTE‐ACS [12]. It was found that 
13,819 moderate to high risk patients with NSTE‐ACS managed 
with contemporary pharmacotherapy and undergoing an early 
invasive strategy were randomized to UFH or enoxaparin plus 
planned GPI, bivalirudin plus planned GPI, or bivalirudin mono
therapy. Therapy with GPI was randomized to downstream (in the 
catheterization laboratory) or upstream administration. Bivalirudin 
was started before angiography with an IV bolus of 0.1 mg/kg and 
an infusion of 0.25 mg/kg/h, followed before PCI by an additional 
IV bolus of 0.5 mg/kg and infusion of 1.75 mg/kg/h. The drug was 
stopped after PCI. Ninety‐nine percent of patients underwent angi
ography within 19.6 hours following admission. Pre‐treatment with 
clopidogrel was left to the discretion of the treating physician. Only 
56% of patients received PCI through the femoral access, 11% 
received CABG, and 33% received medical therapy. Bivalirudin 
monotherapy met non‐inferiority criteria with respect to the pri
mary ischemic endpoint at 30 days (death, MI, or unplanned revas
cularization), with a significantly lower rate of major bleeding. 
Therefore, the 30‐day net clinical outcome was significantly better 
with bivalirudin alone than with heparin plus GPI. Notably, this 
bivalirudin advantage was confirmed at 1‐year follow‐up and was 
not related to the timing of GPI administration (upstream or 
downstream).
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In the ACUITY trial, major bleeding was an independent predic
tor of mortality at 30 days and 1 year [13,14]. Subgroup analysis 
suggested that while lack of clopidogrel pre‐treatment did not affect 
the ischemic outcome for the two groups receiving GPI, it resulted 
in a significant increase in the ischemic endpoint for those receiv
ing bivalirudin monotherapy.

The ACUITY PCI subanalysis analyzed outcomes for the 7789 
patients in the PCI subgroup [15]. There was no difference in the 
primary ischemic endpoint or stent thrombosis, but bivalirudin 
monotherapy was associated with a significant reduction in major 
bleeding, minor bleeding, and transfusion requirements.

The safety and efficacy of bivalirudin monotherapy versus UFH 
plus GPI in NSTE‐ACS patients undergoing PCI through the femo
ral access and pre‐treated with clopidogrel were assessed in the more 
recent ISAR‐REACT 4 trial [16]. At the time of PCI, patients in the 
bivalirudin group received a bolus dose of bivalirudin 0.75 mg/kg, 
followed by an infusion of 1.75 mg/kg/h for the duration of the 
procedure. Compared with ACUITY, the ISAR‐REACT 4 trial:
1 Included only high risk patients with positive biomarkers 

u ndergoing PCI, whereas ACUITY also included patients with 
unstable angina;

2 UFH was the only heparin used in the control arm, whereas in 
ACUITY the use of enoxaparin was allowed in the heparin plus 
GPI arm;

3 GPIs were administered only after the guidewire had crossed the 
lesion, whereas in ACUITY patients assigned to heparin plus 
GPIs or bivalirudin plus GPIs were randomly assigned, in a two‐
by‐two factorial design, to upstream or downstream treatment 
with GPIs);

4 Abciximab was the only GPI used in the control arm, whereas in 
ACUITY the use of tirofiban or eptifibatide was permitted;

5 Clopidogrel 600 mg was given before any study drug, whereas in 
ACUITY the initial dose and timing of clopidogrel were left to 
the discretion of the investigator;

6 The definition of major bleeding was less sensitive. 
 In the ISAR‐REACT 4 trial the primary endpoint of death, 
recurrent MI, urgent target vessel revascularization, or major 
bleeding within 30 days was similar, but bivalirudin was associ
ated with significantly less major bleeding, with the biggest differ
ence between the two groups being in the access site bleeding.
Based on this latter trial, in the most recent 2014 European guide

lines on myocardial revascularization, bivalirudin (0.75 mg/kg bolus, 
followed by 1.75 mg/kg/hour for up to 4 hours after the procedure) is 
recommended as alternative to UFH plus GPI during PCI in patients 
with NSTE‐ACS (Class I A) [1], while UFH is recommended as 
anticoagulant for PCI in patients with NSTE‐ACS, if patients cannot 
receive bivalirudin (Class I C; Table 41.4) [1]. Differently, in the most 
recent 2014 US guidelines on NSTE‐ACS, there is no preference for 
one anticoagulation agent and both bivalirudin and UFH are indi
cated as anticoagulation options for PCI in NSTE‐ACS in Class I B 
and I C, respectively, reflecting the higher number of evidences on 
bivalirudin (Table  41.3) [2]. According to the US guidelines, in 
patients with NSTE‐ACS undergoing PCI who are at high risk of 
bleeding, it is reasonable to use bivalirudin monotherapy in prefer
ence to the combination of UFH and GPI (Class IIa B) [2].

Bivalirudin in primary PCI for ST‐elevation 
myocardial infarction
The HORIZONS‐AMI was the first large, multicenter, open‐label 
trial, which randomized 3602 patients with STEMI undergoing 
p rimary PCI (93%) through the femoral access to bivalirudin or 

UFH plus planned GPI [17]. Bivalirudin was stopped at the end of 
PCI. This landmark trial showed that bivalirudin plus provisional 
GPI compared with UFH plus routine GPIs reduced major bleeding 
and the combined endpoint of all‐cause death, reinfarction, repeat 
revascularization, definite stent thrombosis, stroke, or major bleed
ing both at 30 days and 1 year. In addition, bivalirudin was associ
ated with improved overall and cardiac survival at 30 days and up to 
3 years [18]. However, there was a higher incidence of acute stent 
thrombosis during the first 24 hours in the bivalirudin group (1.3% 
vs. 0.3%; p = 0.001), with no difference in stent thrombosis at 
30  days. Pre‐randomization use of UFH bolus and 600 mg clopi
dogrel loading dose were independent predictors of lower risk of 
acute and subacute stent thrombosis.

The EUROMAX multicenter, open‐label trial compared out
comes of bivalirudin with UFH in STEMI patients (n = 2218) man
aged in a more contemporary practice setting, including prehospital 
initiation of study treatment in all patients, use of prasugrel and 
ticagrelor (59%) and radial artery access (47%) [19]. Planned GPI 
use was optional in both groups: in the bivalirudin arm upstream 
GPI (3.9%) was recommended only in the presence of a large 
thrombus, while in the UFH arm (58.5%) was left to the operator’s 
preference. The GPI bailout use occurred in 7.9 % and 25.4 %, in the 
bivalirudin and UFG arms, respectively. Differently from in the 
HORIZONS‐AMI trial, infusion of bivalirudin was to be continued 
for at least 4 hours after PCI, either at the higher dose used during 
PCI (1.75 mg/kg/h) or at the lower maintenance dose (0.25 mg/
kg/h). The primary composite of death or major bleeding was sig
nificantly reduced by bivalirudin, driven by a significant reduction 
in major bleeding. However, the risk of acute stent thrombosis 
remained higher with bivalirudin (1.1% vs. 0.2%; p = 0.007). In a 
EUROMAX subanalysis, bivalirudin and UFH were compared 
according to the mode of GPI administration (routine [n = 649] vs. 
bailout [n = 460]) in the heparin arm [20]. The benefit of bivaliru
din, driven by major bleeding reduction, was evident in both com
parisons, versus heparin plus routine GPI, and versus heparin plus 
bailout GPI [20]. Similar to the main study, stent thrombosis was 
more frequent with bivalirudin, irrespective of GPI mode of use 
[20]. Although pre‐specified, the conclusion of this subanalysis 
should be regarded only as hypothesis generating. Another sub
analysis assessed the impact on outcomes of the bivalirudin infu
sion dose after PCI. The prolonged infusion of bivalirudin at the 
higher dose given during PCI (1.75 mg/kg/h) was associated with a 
rate of acute stent thrombosis (0.4%) similar to that in the UFH arm 
(0.2%) with or without GPI. Acute stent thrombosis was higher 
(1.6%) in the group continuing bivalirudin infusion at reduced dose 
(0.25 mg/kg/h) [21]. Major bleeding was lower with bivalirudin 
than with UFH, irrespective of the post‐PCI infusion dose [21].

The HEAT‐PPCI was a single‐center study that challenged the 
benefit of bivalirudin in terms of reduced bleeding and improved 
net clinical outcomes [22]. Differently from previous bivalirudin 
trials, the HEAT‐PPCI trial compared bivalirudin (n = 905) with 
UFH alone (n = 907), without routine use of GPI in the setting of 
primary PCI for STEMI. Indeed, GPIs were allowed only for bailout 
use in both treatment groups. Bivalirudin infusion was stopped at 
the end of PCI. Prasugrel and ticagrelor were used in about 90% of 
patients; radial access was used in 80%, and GPI were given to 13% 
and 15% of patients treated with bivalirudin and UFH, respectively. The 
30‐day primary composite endpoint of all‐cause mortality, cerebro
vascular accidents, recurrent infarction, urgent target vessel revas
cularization was significantly higher with bivalirudin, mostly 
driven by higher early MI. Definite or probable stent thrombosis, 
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mostly acute, was significantly higher with bivalirudin (3.4% vs. 
0.9%; p = 0.001). In disagreement with the other trials, there were 
no differences in major and minor bleeding between bivalirudin 
and UFH. The main concerns that have been raised in HEAT‐PPCI 
include its open‐label, single‐center design and a possible under‐
dosing of bivalirudin.

Additional data on the comparative effectiveness of bivalirudin 
and UFH, with or without GPI in the setting of primary PCI, have 
been recently provided by the BRIGHT multicenter, open‐label 
trial, which randomized Chinese patients with acute MI (90% 
STEMI) to bivalirudin alone (n = 735), UFH alone (n = 729), or 
UFH plus tirofiban (n = 730) [23]. Among patients treated with 
bivalirudin, a post‐procedure infusion at the PCI dose of 1.75 mg/
kg/h was administered for a median of 180 minutes (IQR 148–240 
minutes). The radial access was used in about 79% of patients. Net 
adverse clinical events at 30 days were lower in the bivalirudin 
group than both heparin groups, driven by reduction in major 
bleeding and no differences between treatments in the 30‐day rates 
of major adverse cardiac or cerebral events. Moreover, there were 
no differences in 30‐day stent thrombosis (0.6% in the bivalirudin, 
0.9% in the heparin alone, and 0.7% in the heparin plus tirofiban 
group; p = 0.77) or in acute (<24 hour) stent thrombosis (0.3% in 
each group). Patients treated with UFH alone had similar ischemic 
outcomes compared with those treated with UFH plus tirofiban. 
At the 1‐year follow‐up, the results remained similar.

Based on the recent EUROMAX and HEAT‐PCI trials casting 
doubts on the superior safety and efficacy balance of bivalirudin as 
compared with heparin plus GPI, the most recent 2014 European 
guidelines on myocardial revascularization have downgraded the 
recommendation for the use of bivalirudin in primary PCI for 
STEMI from Class I A to Class IIa A, while UFH is indicated in 
Class I C (Table 41.3) [1]. The recommended bivalirudin dosage is 
0.75 mg/kg IV bolus followed by IV infusion of 1.75 mg/kg/h for up 
to 4 hours after the procedure [1]. This latter dose regimen seems 
effective and safe, with no excess in stent thrombosis and reduced 
bleeding compared to heparin with or without GPI, as demon
strated in the BRIGHT trial, which was published after the 
European guidelines release. In the most recent 2013 US guidelines 
on STEMI, both bivalirudin and UFH are indicated as anti
coagulation options for primary PCI in Class I B and I C, respec
tively, reflecting the greater amount of evidence on bivalirudin 
(Table 41.3) [3]. These latter guidelines have been released before 
EUROMAX, HEAT‐PCI, and BRIGHT trials and are based on the 
HORIZONS‐AMI findings.

Factor Xa inhibitors
Factor Xa inhibitors are the most refined and lowest molecular 
weight heparin. They contain a pentasaccharide sequence that spe
cifically binds factor Xa. Fondaparinux, the most well‐studied and 
widely used of these agents, is a 1.7 KDa synthetic pentasaccharide 
that rapidly and reversibly binds AT, inducing a conformational 
change that accelerates AT–Xa interactions by >300‐fold. Fonda
parinux can be administered in a fixed dose (2.5 mg for creatinine 
clearance >30 L/minute) with no need for weight‐based adjustment 
or routine monitoring. This drug does not significantly interact 
with any cells or other plasma proteins, and therefore does not 
affect platelet function or cause HIT.

In NSTE‐ACS, fondaparinux with lower bleeding leads to lower 
30‐day mortality compared with enoxaparin and for this reason 
is  the agent of choice for anticoagulation in this settings [24]. 

Because of higher catheter‐related thrombosis, fondaparinux is 
not recommended for PCI, and the adjunctive use of UFH at the 
time of PCI in NSTE‐ACS is recommended [25]. The addition of 
low or standard UFH dose at the time of PCI does not increase 
bleeding; low dose UFH was not superior to standard ACT‐guided 
UFH dosing [25].

In patients with STEMI fondaparinux reduced death and MI in 
patients treated with thrombolysis, but increased ischemic events 
in primary PCI compared with UFH and thus is not recommended 
in this latter setting [26].

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology

references
1 Kolh P, Windecker S, Alfonso F, et al. 2014 ESC/EACTS Guidelines on myocardial 

revascularization: The Task Force on Myocardial Revascularization of the 
European Society of Cardiology (ESC) and the European Association for Cardio‐
Thoracic Surgery (EACTS) Developed with the special contribution of the 
European Association of Percutaneous Cardiovascular Interventions (EAPCI). 
Eur Heart J 2014; 35(37): 2541–2619.

2 Amsterdam EA, Wenger NK, Brindis RG, et al. 2014 AHA/ACC Guideline for the 
management of patients with non‐ST‐elevation acute coronary syndromes: a 
Report of the American College of Cardiology/American Heart Association Task 
Force on Practice Guidelines. Circulation 2014; 130: e344–e426.

3 O’Gara PT, Kushner FG, Ascheim DD, et al. 2013 ACCF/AHA Guideline for the 
Management of ST‐Elevation Myocardial Infarction A Report of the American 
College of Cardiology Foundation/American Heart Association Task Force on 
Practice Guidelines. Circulation 2013; 127: e362–e425.

4 Montalescot G, White HD, Gallo R, et al. Enoxaparin versus unfractionated heparin 
in elective percutaneous coronary intervention. N Engl J Med 2006; 355: 1006–1017.

5 Levine GN, Bates ER, Blankenship JC, et al. 2011 ACCF/AHA/SCAI Guideline for 
Percutaneous Coronary Intervention. A report of the American College of 
Cardiology Foundation/American Heart Association Task Force on Practice 
Guidelines and the Society for Cardiovascular Angiography and Interventions. 
J Am Coll Cardiol 2011; 58: e44–e122.

6 Ferguson JJ, Califf RM, Antman EM, et al. Enoxaparin vs unfractionated heparin 
in high‐risk patients with non‐ST‐segment elevation acute coronary syndromes 
managed with an intended early invasive strategy: primary results of the SYNERGY 
randomized trial. JAMA 2004; 292: 45–54.

7 Montalescot G, Zeymer U, Silvain J, et al. Intravenous enoxaparin or unfraction
ated heparin in primary percutaneous coronary intervention for ST‐elevation 
myocardial infarction: the international randomised open‐label ATOLL trial. 
Lancet 2011; 378: 693–703.

8 Collet JP, Huber K, Cohen M, et al. A direct comparison of intravenous enoxaparin 
with unfractionated heparin in primary percutaneous coronary intervention 
(from the ATOLL trial). Am J Cardiol 2013; 112: 1367–1372.

9 Capodanno D, De Caterina R. Bivalirudin for acute coronary syndromes: p remises, 
promises and doubts. Thromb Haemost 2015; 113: 698–707.

10 Kastrati A, Neumann FJ, Mehilli J, et al. Investigators I‐RT. Bivalirudin vs. unfrac
tionated heparin during percutaneous coronary intervention. N Engl J Med 2008; 
359: 688–696.

11 Schulz S, Mehilli J, Neumann FJ, et al. ISAR‐REACT 3A: a study of reduced dose 
of unfractionated heparin in biomarker negative patients undergoing percutaneous 
coronary intervention. Eur Heart J 2010; 31: 2482–2491.

12 Stone GW, McLaurin BT, Cox DA, et  al. Bivalirudin for patients with acute 
c oronary syndromes. N Engl J Med 2006; 355: 2203–2216.

13 Manoukian SV, Feit F, Mehran R, et al. Impact of major bleeding on 30‐day mortal
ity and clinical outcomes in patients with acute coronary syndromes: an analysis 
from the ACUITY trial. J Am Coll Cardiol 2007; 49: 1362–1368.

14 Stone GW, Ware JH, Bertrand ME, et al. Antithrombotic strategies in patients with 
acute coronary syndromes undergoing early invasive management: one‐year 
results from the ACUITY trial. JAMA 2007; 298: 2497–2506.

15 Stone GW, White HD, Ohman EM, et al. Bivalirudin in patients with acute coro
nary syndromes undergoing percutaneous coronary intervention: a subgroup 
analysis from the Acute Catheterization and Urgent Intervention Triage strategy 
(ACUITY) trial. Lancet 2007; 369: 907–919.



414 PART II Interventional Pharmacology SECTIon II Pharmacological Agents

16 Kastrati A, Neumann FJ, Schulz S, et al. Abciximab and heparin vs. bivalirudin for 
non‐ST‐elevation myocardial infarction. N Engl J Med 2011; 365: 1980–1989.

17 Stone GW, Witzenbichler B, Guagliumi G, et al. Bivalirudin during primary PCI in 
acute myocardial infarction. N Engl J Med 2008; 358: 2218–2230.

18 Capranzano P, Dangas G. Bivalirudin for primary percutaneous coronary inter
vention in acute myocardial infarction: the HORIZONS‐AMI trial. Expert Rev 
Cardiovasc Ther 2012; 10: 411–422.

19 Steg PG, van ’t HofAW, Hamm CW, et al. Bivalirudin started during emergency 
transport for primary PCI. N Engl J Med 2013; 369: 2207–2217.

20 Zeymer U, van’t Hof A, Adgey J, et al. Bivalirudin is superior to heparins alone with 
bailout GP IIb/IIIa inhibitors in patients with ST‐segment elevation myocardial 
infarction transported emergently for primary percutaneous coronary intervention: 
a pre‐specified analysis from the EUROMAX trial. Eur Heart J 2014; 35: 2460–2467.

21 Clemmensen P, Wiberg S, Van’t Hof A, et al. Acute stent thrombosis after primary 
percutaneous coronary intervention: insights from the EUROMAX trial (European 
Ambulance Acute Coronary Syndrome Angiography). JACC Cardiovasc Interv 
2015; 8: 214–220.

22 Shahzad A, Kemp I, Mars C, et al. Unfractionated heparin versus bivalirudin in 
primary percutaneous coronary intervention (HEAT‐PPCI): an open‐label, single 
centre, randomised controlled trial. Lancet 2014; 384: 1849–5818.

23 Han Y, Guo J, Zheng Y, et  al. Bivalirudin vs heparin with or without 
tirofiban  during primary percutaneous coronary intervention in acute myo
cardial infarction: the BRIGHT randomized clinical trial. JAMA 2015; 313: 
1336–1346.

24 Yusuf S, Mehta SR, Chrolavicius S, et  al. Comparison of fondaparinux 
and  enoxaparin in acute coronary syndromes. N Engl J Med 2006; 354: 
1464–1476.

25 Steg PG, Jolly SS, Mehta SR, et al. Low‐dose vs standard‐dose unfractionated hepa
rin for percutaneous coronary intervention in acute coronary syndromes treated 
with fondaparinux: the FUTURA/OASIS‐8 randomized trial. JAMA 2010; 304: 
1339–1349.

26 Yusuf S, Mehta SR, Chrolavicius S, et al. Effects of fondaparinux on mortality and 
reinfarction in patients with acute ST‐segment elevation myocardial infarction: the 
OASIS‐6 randomized trial. JAMA 2006; 295: 1519–1530.



415

Interventional Cardiology: Principles and Practice, Second Edition. Edited by George D. Dangas, Carlo Di Mario, and Nicholas N. Kipshidze. 
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.

Percutaneous coronary intervention (PCI) has a central role in the 
management of patients with stable or unstable coronary artery 
 disease. To maintain the immediate results of PCI and prevent 
 complications and recurrence of thrombotic events, inhibition of 
platelet activity is essential. Parenteral antiplatelet agents include 
glycoprotein IIb/IIIa inhibitors (GPI) and cangrelor, which is a 
reversible inhibitor of the platelet adenosine diphosphate receptor 
(P2Y12). These agents have a useful pharmacologic profile because 
of their ability to reach rapid antiplatelet effect and overcome the 
limitations of oral antiplatelet agents.

This chapter examines the contemporary evidence on the use of 
parenteral antiplatelet agents in PCI, reporting current recommen
dations for best clinical practice [1–3].

Glycoprotein IIb/IIIa inhibitors
The IIb/IIIa integrin receptor on the surface of platelets binds 
 preferentially to collagen and fibrinogen as well as fibronectin, 
 vitronectin, and von Willebrand factor. IIb/IIIa activation triggers 
the final common pathway of platelet aggregation: fibrinogen cross‐
linking of platelets. Activation of the receptor also fosters platelet 
adhesion to the vascular endothelial surface. GPI abrogate the 
effects of the IIb/IIIa receptor on platelet aggregation and adhesion 
through reversible or irreversible inhibition (Figure  42.1). Three 
GPIs are commercially available: abciximab, eptifibatide, and 
tirofiban (Table 42.1).

Abciximab
This is a chimeric murine‐human monoclonal antibody that 
 consists of the Fab fragment of a murine glycoprotein IIb/IIIa 
antibody fused the constant region of human IgG. Abciximab 
binds to platelets with high affinity and irreversibly. It is a long‐
acting agent (>48 hours) but its effects are readily reversed with 
platelet transfusions. Abciximab has a rapid onset of action, a 
half‐life of 30 minutes, and causes complete platelet inhibition 
within 2 hours of administration. Abciximab is eliminated by 
 protease degra dation. Patients sometimes produce anti‐chimeric 
antibodies; however, hypersensitivity/anaphylactic reactions to 
abciximab are rare. Abciximab should be dosed as a bolus of 
0.25 mg/kg followed by 0.125 μg/kg/min infusion (maximum 

10 μg/min) which can be continued for 12 hours after PCI. There 
is no adjustment for renal insufficiency.

Eptifibatide
This is a non‐immunogenic cyclic heptapeptide that reversibly 
inhibits the platelet IIb/IIIa receptor as a competitive inhibitor of 
the fibrinogen‐binding site. Eptifibatide contains an active phar
macophore derived from barbourin, the primary component of 
southeastern pigmy rattlesnake poison. This agent is short acting 
(2–4 hours) and its effects are not reversible with platelet transfu
sions. Eptifibatide has a rapid onset, a half‐life 2.5 hours, and causes 
high‐level platelet inhibition within 2 hours of administration. 
Eptifibatide is cleared predominantly by the kidneys and should be 
dosed with caution in patients with renal insufficiency (infusion 
should be reduced by half if creatinine clearance is <50 mL/min and 
should be avoided in patients on hemodialysis). Eptifibatide should 
be dosed with a bolus of 180 μg/kg over 1–2 minutes, a second bolus 
of 180 μg/kg 10 minutes later, and an infusion of 2 μg/kg/min.

In the BRIEF‐PCI trial, a single bolus dose plus a truncated 
 infusion (<2 hours) of eptifibatide was used in low risk patients 
undergoing PCI and was found to have a similar incidence of death, 
myocardial infarction (MI), and target vessel revascularization 
(TVR), but with less incidence of major bleeding [4]. Accordingly, a 
recent retrospective study demonstrated that the catheterization 
laboratory‐only regimen compared with prolonged infusion after 
PCI was associated with reduced bleeding complication in the 
absence of differences in death and MI [5].

Tirofiban
This is a reversible non‐peptide GPI that acts as a competitive 
inhibitor of the fibrinogen‐binding site. This agent is short acting 
(2–4 hours) and its effects are not reversible with platelet transfu
sions. When using tirofiban and eptifibatide approximately 4 hours 
are needed for the effects to wear off. Tirofiban is slower in onset 
than the other two GPIs, has a half‐life of 2 hours, and causes high‐
level platelet inhibition within 2 hours of administration. Tirofiban 
is recommended for patients with STEMI at a high bolus dose of 
25 μg/kg IV, then 0.15 μg/kg/min infusion. The bolus and infusion 
should be reduced by 50% in patients with a creatinine clearance 
of <30 mL/min.
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Stable coronary artery disease
The evidence emerging from major clinical trials did not show 
additional benefit by administrating GPI after a loading dose of 
600 mg clopidogrel [6–8]. Therefore, in the setting of elective PCI, 
GPI are not recommended except for “bailout” situations (intrapro
cedural thrombus formation, slow‐flow, threatened vessel closure) 
in which they could be considered (Class IIa, level C of recommen
dation), as there is anecdotal experience suggesting potential 
 benefits in these settings [1].

Non‐ST‐segment elevation acute coronary syndrome
Some older trials before the era of dual antiplatelet therapy 
showed that patients undergoing PCI experienced lower ischemic 
events, mainly driven by reduction in MI when receiving ade
quately dosed GPI combined with unfractionated heparin (UFH) 
instead of UFH alone [1,9]. Interestingly, the ISAR‐REACT 2 
trial, showed that the benefit in terms of composite primary end
point (death, MI, or urgent TVR within 30 days) related to GPI 
use for PCI was still present even if clopidogrel pretreatment at 
loading dose of 600 mg was given in patients with NSTEMI, but 
not in those with unstable angina [10]. In the ACUITY trial, the 
combination of UFH plus GPI was compared with bivalirudin 
alone (with bailout GPI in 7.4%), demonstrating a significant 
benefit in terms of the composite of ischemic and bleeding com
plications (11.7% vs. 10.1% at 30 days; p = 0.02), mainly driven by 
decrease in major bleeding (5.7% vs. 3.0%; p <0.001) [11]. Notably, 
this bivalirudin advantage was confirmed at 1‐year follow‐up and 
was not related to the timing of GPI administration (upstream or 
downstream) [12]. In the latter trial, approximately 40% of the 
patients did not have elevated cardiac biomarkers, and more than 
40% did not undergo PCI. The combination UFH plus abciximab 
was compared with bivalirudin alone in patients with NSTEMI 
undergoing PCI in the ISAR‐REACT 4 trial [13]. In this latter 
study, no benefits have emerged in the primary composite end
point (death, recurrent MI, urgent TVR, or major bleeding within 
30 days), but significantly more major bleeding events were 
observed in the GPI group than in the bivalirudin group (4.6% vs. 
2.6%; p = 0.02).

The use of upstream eptifibatide with or without clopidogrel pre‐
treatment compared with downstream provisional eptifibatide in 
the EARLY‐ACS trial was related to increased bleeding in the 
absence of ischemic benefits in patients with NSTE‐ACS [14].
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Figure 42.1 Platelet activation pathway and site of action of antiplatelet agents. AA, arachidonic acid; ADP, adenosine diphosphate; cAMP, 
cyclic adenosine monophosphate; ASA, acetylsalicylic acid (aspirin); COX‐1, cyclo‐oxygenase‐1; GP, glycoprotein; LMWH, low molecular weight 
heparin; TXA2, thromboxane A2; UFH, unfractionated heparin; vWF, von Willebrand factor.

Table 42.1 Basic pharmacologic characteristics of glycoprotein IIb/IIIa 
inhibitors (GPI).

Abciximab Eptifibatide Tirofiban

Type Fab fragment of 
chimeric human‐
murine monoclonal 
antibody

Synthetic cyclic 
heptapeptide

Synthetic 
non‐peptide

Molecular 
weight

Large molecule
(47,515 Da)

Small molecule
(832 Da)

Small molecule
(496 Da)

Plasma 
half‐life

10–30 minutes 2.5–2.8 hours 1.2–2 hours

Receptor 
binding

Minutes Seconds Seconds

Elimination 
route

Spleen Renal 75% Renal 65%; 
biliary 25%
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Finally, in the TRITON‐TIMI 38 trial, ischemic and bleeding 
events of prasugrel versus clopidogrel were not influenced by GPI 
use: (i) the significant reduction of cardiovascular death, MI, or 
stroke by using prasugrel instead of clopidogrel remained signifi
cant in patients receiving GPI (n = 7414, 54.5% of overall study 
population) as was in patients not receiving GPI (p for interac
tion = 0.83); (ii) TIMI major or minor bleeding did not differ 
 significantly between prasugrel and clopidogrel groups, irrespective 
of GPI use (p for interaction = 0.19) [15]. These data led to the 
 following guidelines recommendations [1,2].
• European guidelines (on myocardial revascularization 2014):

1 Current evidence does not support an additional benefit of 
routine upstream use of GPI in patients with NSTE‐ACS 
undergoing coronary angiography (Class III, level A);

2 GPI should be considered in bailout or thrombotic complica
tions (Class IIa, level C);

• US guidelines (on NSTE‐ACS management 2014):
1 GPI use (abciximab, double‐bolus eptifibatide or high‐dose 

bolus tirofiban) is useful at the time of PCI in the case of 
NSTE‐ACS with high‐risk features (e.g., elevated troponin) 
but without adequate pre‐treatment with clopidogrel or 
t icagrelor (Class I, level A);

2 GPI use in upstream can be considered in patients treated with 
an early invasive strategy and dual antiplatelet therapy with 
intermediate/high risk features (e.g., positive troponin) (Class 
IIb, level B); and

3 GPI use at the time of PCI could be reasonable in patients 
with NSTE‐ACS and high‐risk features (e.g., elevated tro
ponin) treated with UFH and adequately pretreated with 
clopidogrel (Class IIa, level B). This latter recommendation 
should be reserved for those patients without high risk of 
bleeding complications and does not include prasugrel 
or ticagrelor because there are still insufficient data to make 
specific recommendations.

ST‐segment elevation myocardial infarction
In the era before pre‐loading with thienopyridines, several studies 
have shown that GPI, mainly abciximab, added to UFH in patients 
with STEMI treated with primary PCI is associated with improved 
outcomes [16–19]. In order to test if the early upstream adminis
tration of abciximab would improve outcomes compared with in 
catheterization laboratory administration, in the FINESSE trial 
[20], 2452 patients with STEMI undergoing primary PCI were 
randomly assigned to: (i) early upstream (at first medical contact) 
abciximab plus half‐dose reteplase (combination‐facilitated PCI); 
(ii) early upstream abciximab alone (abciximab‐facilitated PCI), 
or (iii) abciximab administered immediately before the primary 
PCI. No significant differences emerged among the three groups 
in the primary endpoint (composite of all‐cause death, ventricular 
fibrillation occurring more than 48 hours after randomization, 
cardiogenic shock, and congestive heart failure during the first 
90  days after randomization; p = 0.55) and in 90‐day mortality 
(p = 0.49). Importantly, subgroup analyses showed a survival ben
efit with the use of abciximab in patients presenting within 4 hours 
of symptom onset to non‐PCI hospitals and requiring transfer for 
primary PCI [21].

In the On‐TIME‐2 trial including 936 patients with STEMI with 
a median time from onset of symptoms to diagnosis of 76 minutes, 
high‐bolus dose tirofiban started during the pre‐hospital phase 
and  continued for up to 18 hours after the procedure provided 
 significant improvements in surrogate markers of reperfusion 

(ST‐segment resolution) compared with placebo (only provisional 
use of tirofiban in catheterization laboratory) [22]. With upstream 
tirofiban, there was also a reduction in the composite secondary 
endpoint of death, recurrent MI, urgent TVR, and thrombotic bail
out, although the difference was mainly caused by a decrease in the 
thrombotic bailout. These latter data were pooled together with 
those on 414 patients enrolled during the On‐TIME‐2 open‐label 
run‐in phase, comparing tirofiban with no tirofiban [23]. This pro
tocol pre‐specified pooled analysis of the two study phases showed 
that the rate of major adverse cardiac events at 30 days was signifi
cantly reduced by systematic high dose tirofiban versus no tirofiban 
or placebo, with also reduced mortality, in the absence of significant 
increase of major bleeding. Unfortunately, it was not clear if the 
benefits in On‐TIME‐2 were related to upstream versus down
stream administration or related to systematic versus provisional 
administration. The differences of results between FINESSE and 
On‐TIME‐2 that should be considered are that the time from symp
tom onset to GPI administration was much shorter in On‐TIME‐2 
[24], and, furthermore, in the FINESSE trial only a few patients 
were recruited by the ambulance system and only 40% of patients 
were transferred for PCI from centers without catheterization labo
ratories. The issue of whether abciximab remains beneficial after 
adequate clopidogrel loading was tested also in patients (n = 800) 
with STEMI in the BRAVE 3 trial, showing no benefits in terms of 
infarct size prior to discharge [25]. However, the infarct size 30 days 
after primary PCI for anterior STEMI was reduced by the system
atic use of an intracoronary bolus of abciximab in the INFUSE‐MI 
trial [26]. Therefore, there is no definitive answer regarding the 
 current role of routine use of GPI in primary PCI, particularly when 
prasugrel or ticagrelor is used, and the value of starting upstream of 
PCI remains uncertain.

Finally, several studies have assessed the administration of abcix
imab as an intracoronary instead of intravenous bolus. Despite 
some small studies suggesting potential benefits of the intracoro
nary route, these observations were not confirmed in large rand
omized trials and in a recent meta‐analysis pooling results of five 
randomized trials [27,28].

On this background the following guideline recommendations 
were set [1,3]:
• European guidelines (on myocardial revascularization 2014) [1]:

1 Upstream use of GPI (versus in‐lab use) can be considered 
only in high risk patients undergoing transfer for primary PCI 
(Class IIb, level B);

2 In‐lab use is reasonable for angiographic evidence of large 
thrombus, slow‐ or no‐reflow, and other thrombotic complica
tions as bailout therapy (Class IIa, level C), although this has 
not been tested in randomized trials.

• US guidelines (on STEMI management 2013) [3]:
1 It is reasonable to begin treatment with an intravenous GPI 

such as abciximab (level of evidence A), high‐bolus‐dose 
tirofiban (level of evidence B), or double‐bolus eptifibatide 
(level of evidence B) at the time of primary PCI (with or with
out stenting or clopidogrel pretreatment) in selected patients 
with STEMI who are receiving UFH (Class IIa).

2 It may be reasonable to administer intravenous GPI in the pre
catheterization laboratory setting (e.g., ambulance, emergency 
department) to patients with STEMI for whom primary PCI is 
intended (Class IIb, level B of recommendation).

3 It may be reasonable to administer intracoronary abciximab to 
patients with STEMI undergoing primary PCI (Class IIb, level 
B of recommendation).
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Cangrelor
Cangrelor is an intravenous reversible P2Y12 inhibitor. Chemically 
known as N‐2‐methylthio‐ethyl‐2‐(3,3,3‐trilflouroprpylthiol)‐5ʹ‐
adenyl acid, it is an analogue of adenosine triphosphate (ATP), the 
natural antagonist of the P2Y12 receptor. It is dephosphorylated to 
the nucleoside and its primary metabolite is essentially inactive. It is 
characterized by a potent, predictable inhibition of ADP‐induced 
inhibition of platelet aggregation that is virtually immediate (when 
administered as a bolus) and rapidly reversible. Cangrelor achieves 
almost complete and immediate inhibition of ADP‐induced platelet 
aggregation when administered as a bolus of 30 μg/kg, and continu
ous infusion sustains the high degree of inhibition. The plasma 
half‐life is approximately 3–5 minutes and platelet function is 

restored within 1 hour after cessation of infusion. Notably,  cangrelor 
is not characterized by a significant renal or hepatic metabolism, a 
relevant difference when compared with oral P2Y12 inhibitors that 
can be particularly attractive in the acute setting.

While the pivotal trials showed a satisfactory rate of major bleed
ing side effects, the highly potent cangrelor did not demonstrate a 
significant impact on adverse cardiac events. The initial promising 
results obtained in phase 2 studies have led the foundation for 
 cangrelor phase 3 program, CHAMPION (Cangrelor versus stand
ard tHerapy to Achieve optimal Management of Platelet 
InhibitiON). This program originally consisted of two randomized 
1 : 1, double‐blind, double‐dummy trials: CHAMPION PCI and 
CHAMPION PLATFORM (Table 42.2) [29,30]. These trials tested 

Table 42.2 Cangrelor phase 3 trials.

CHAMPION
PLATFORM

CHAMPION
PCI

CHAMPION
PHOENIX BRIDGE

Number of 
patients

5295 (modified ITT) 8877 (ITT) 10,942 (modified ITT) 210

Patients 
included

Requiring PCI (with or 
without stent) in elective 
or ACS excluding STEMI 
and P2Y12 naive

Requiring PCI (with or 
without stent) in patients 
with ACS. Previous daily use 
of clopidogrel 75 mg allowed

Requiring either urgent or 
elective PCI and P2Y12 
naive

ACS or treated with a coronary 
stent and receiving a 
thienopyridine awaiting CABG

Cangrelor 
protocol

30 μg/kg IV bolus and 
4 μg/kg/minute IV 
infusion

30 μg/kg IV bolus and 4 μg/
kg/minute IV infusion

30 μg/kg IV bolus and 
4 μg/kg/minute IV infusion

Infusion of 0.75 μg/kg/minute 
IV on the basis of a stage I  
dose‐finding study in 10 patients

Duration of 
treatment

Minimum infusion of 2 h 
and a maximum of 4 h, 
followed by clopidogrel 
600 mg

Infusion at least 2 h or the 
duration of PCI, and a 
maximum of 4 h followed by 
clopidogrel 600 mg

Infusion at least 2 h or the 
duration of PCI, and a 
maximum of 4 h followed 
by clopidogrel 600 mg

Thienopyridines were stopped 
(clopidogrel 5 days before CABG, 
prasugrel 7 days) and cangrelor 
or placebo was administered for 
at least 48 h which was 
discontinued 1–6 h before CABG

Comparator Clopidogrel 600 mg 
loading dose (end of PCI)

Clopidogrel 600 mg loading 
dose (before PCI)

Clopidogrel 300 or 600 mg 
loading dose (before PCI)

Placebo

Primary 
endpoint

Composite of death, MI, 
or IDR at 48 h

Composite of death from 
any cause, MI, or IDR at 48 h

Composite of death, MI, 
IDR, or ST at 48 h

Platelet reactivity assessed daily

Safety 
endpoint

Bleeding events at 48 h 
(single events and 
categorized events 
[ACUITY, GUSTO, TIMI 
criteria]

Bleeding events at 48 h 
(single events and 
categorized events [ACUITY, 
GUSTO, TIMI criteria]

Major/minor non‐CABG 
related hemorrhage by 
clinically relevant criteria at 
48 h (TIMI, GUSTO, others);
Incidence of blood product 
transfusion until 48 h, 
categorized according to 
relationship with CABG

Excessive CABG surgery‐related 
bleeding

Notes Enrollment was stopped 
when a 70% interim 
analysis concluded that 
the trial would be unlikely 
to show superiority for 
the primary endpoint

Enrollment was stopped 
when a 70% interim analysis 
concluded that the trial 
would be unlikely to show 
superiority for the primary 
endpoint

ACS, acute coronary syndromes; CABG, coronary artery bypass graft; IDR, ischemia‐driven revascularization; ITT, intention‐to‐treat; MI, myocardial infarction; 
PCI, percutaneous coronary interventions; PRU, P2Y12 reaction unit; ST, stent thrombosis; STEMI, ST‐segment elevation myocardial infarction.
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the hypothesis that cangrelor, given during PCI, could reduce 
thrombotic events compared to clopidogrel administered at the 
beginning or at the end of PCI respectively, with an acceptable 
safety profile. The phase 3 CHAMPION‐PCI and CHAMPION‐
PLATFORM trials compared cangrelor with clopidogrel 600 mg in 
patients with ACS scheduled for PCI, with the timing of the clopi
dogrel dose being the major difference between the trials. Both 
 trials were prematurely discontinued because of insufficient 
 evidence of the clinical effectiveness of cangrelor. However, there 
were reductions in stent thrombosis and death from any cause. 
Furthermore, the lack of overall demonstrable clinical benefit of 
cangrelor could be related to the definition of MI used, which made 
it difficult to adjudicate early ischemic events. The definition of MI 
used in CHAMPION PCI and PLATFORM did require biomarkers 
elevation but clinical judgment was applied to interpreting the 
 relationship to the PCI or to the index event; that definition 
 preceded the last update of universal definition of MI. According to 
the original definition, the presence of stable or falling biomarkers 
at the time of PCI was not required to define PCI‐related MI 
 endpoint. Two independent analyses of the CHAMPION dataset 
retrospectively applied the universal MI definition and consistently 
indicated a reduced number of PCI‐related MI events and more 
favorable treatment effects for cangrelor.

On this background, the CHAMPION‐PHOENIX study was 
designed with a careful evaluation of the MI definition [31]. 
Differing from the two previous studies, the CHAMPION‐
PHOENIX trial had the following characteristics: (i) the definition 
of MI as endpoint; (ii) the comparator arm was clopidogrel 300 or 
600 mg, at the investigator’s discretion; (iii) the primary endpoint 
was the composite of death, MI, ischemia‐driven revascularization, 
or stent thrombosis (including intraprocedural) at 48 hours; and 
(iv) the population of interest was restricted to clopidogrel‐naïve 
patients. The definition of MI used in PHOENIX was based on the 
Second Universal definition of MI for all types of MI but PCI‐
related (type 4a) MI, where this definition was expanded to include 
some elements (like angiographic complications) that were later 
included in the Third Universal MI definition. In PHOENIX  PCI‐
related MI could be assessed using cardiac biomarkers only if 
 troponin pre‐PCI was normal or elevated but stable or falling 
according to at least two samples over 6 hours. As learned from 
CHAMPION PCI and PLATFORM, great emphasis was placed on 
an accurate assessment of baseline status: in PHOENIX, 98% of the 
enrolled patients had at least two troponin values before PCI. 
Patients with NSTE‐ACS, with one or no biomarker assessment 
available or increasing biomarkers before PCI required additional 
evidence of MI. By definition, PCI‐related MI was not adjudicated 
in patients with STEMI as entry diagnosis.

CHAMPION‐PHOENIX (Table  42.2) was a randomized, dou
ble‐blind, double‐dummy trial that compared cangrelor with clopi
dogrel in 11,145 patients who had not previously received a P2Y12 
antagonist and required PCI, including patients with stable angina 
and ACS (with or without ST‐segment elevation). The primary effi
cacy endpoint was a composite of death, MI, ischemia‐driven 
revascularization, or stent thrombosis at 48 hours after randomiza
tion. The rate of the primary efficacy endpoint was lower in the 
cangrelor group than in the clopidogrel group (4.7% vs. 5.9%; 
p = 0.005), driven by the reduction in the rate of acute peri‐ 
procedural MI and by a reduced rate of stent thrombosis (0.8% vs. 
1.4%; p = 0.01). The benefit from cangrelor was consistent across 
several pre‐specified subgroups, except for diabetic patients, who 
represented 27.8% of the global population (p = 0.26). The rate of 

the primary safety endpoint was 0.16% in the cangrelor group 
 versus 0.11% in the clopidogrel group (p = 0.44). Overall, the data 
suggest a promising role for cangrelor, particularly for patients with 
ACS who could benefit from its pharmacologic rapidity in the 
onset– offset of action. However, future studies are needed to deter
mine the optimal way to transition ACS PCI patients from cangrelor 
to prasugrel or ticagrelor; such patients represented only 43% of 
patients recruited in the CHAMPION‐PHOENIX trial. The pre‐
specified pooled analysis of patient‐level data from the three 
 cangrelor trials confirmed the lower rates of PCI peri‐procedural 
thrombotic complications (3.8% for cangrelor vs. 4.7% for control; 
p = 0.0007) and of stent thrombosis (0.5% vs. 0.8%; p = 0.0008) with 
no difference in major bleeding [32].

Because of its rapid on–off effect, cangrelor also has potential as 
a bridging agent in patients requiring surgery, by adequately pre
venting ischemic events while allowing rapid restoration of platelet 
function on therapy discontinuation in the event of bleeding. The 
BRIDGE study evaluated the efficacy of this strategy for patients 
taking clopidogrel who were scheduled for surgery (Table  42.2) 
[33]. A total of 210 patients taking thienopyridines for ACS or after 
stent placement, who were awaiting coronary artery bypass graft
ing (CABG), had their thienopyridine stopped and were then 
 randomized to either cangrelor (0.75 μg/kg/min) or placebo for at 
least 48 hours. The study drug was discontinued 1–6 hours before 
CABG surgery. Patients randomized to cangrelor had lower levels 
of platelet reactivity throughout the treatment period compared 
with placebo. There was no significant difference in major bleed
ing prior to CABG surgery, although minor bleeding episodes 
were numerically higher with cangrelor. With the use of a surro
gate endpoint (platelet reactivity as the primary endpoint) the 
findings of this trial must be interpreted with caution. However, it 
demonstrates the potential role of cangrelor in this not rare clinical 
setting.

Specific guidelines recommendations on the use of cangrelor are 
not available yet. Cangrelor has been approved in Europe for the 
reduction of thrombotic cardiovascular events in adult patients 
with coronary artery disease undergoing PCI who have not 
received an oral P2Y12 inhibitor prior to the PCI procedure and in 
whom oral therapy with P2Y12 inhibitors is not feasible or desirable. 
Recently, the FDA recommended approval for cangrelor for human 
use in the USA.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Optimal anticoagulation has proven to be a key component in the 
management of patients undergoing percutaneous coronary 
intervention (PCI). There has been a considerable evolution in the 
pharmacotherapy of PCI since the early days of balloon angioplasty. 
Medications with variable modes of action are used to reduce 
c omplications by inhibiting thrombin formation, platelet activa
tion, and platelet aggregation. These medications have targeted 
d ifferent portions of the coagulation cascade, and newer synthetic 
agents have been developed to specifically target factor Xa or 
thrombin in an attempt to minimize ischemic and bleeding 
c omplications, goals that are often at odds with one another.

The principal aims of pharmacotherapy during PCI are to avoid 
the adverse consequences related to iatrogenic plaque rupture from 
balloon inflation or stent deployment after PCI and to reduce the 
risk of thrombus formation on intravascular PCI equipment during 
the procedure. Growing evidence supports use of a variety of agents 
in the setting of stable ischemic heart disease, unstable angina, non‐
ST‐elevation myocardial infarction (NSTEMI), and ST‐elevation 
myocardial infarction (STEMI).

Most data involving newer antithrombotic drugs focus on their 
use in acute coronary syndromes (ACS). However, the main aims of 
this review are to summarize the agents available for anticoagula
tion during elective PCI, to outline their mode of action, and to 
review the evidence supporting their use.

Antiplatelet therapy using glycoprotein 
IIb/IIIa inhibition
Platelet adherance to abnormal surfaces and aggregate is mediated 
by surface membrane glycoprotein receptors which are expressed in 
increasing numbers with platelet activation and are potential targets 
for antiplatelet therapies. The platelet glycoprotein IIb/IIIa receptor 
has a central role in platelet aggregation and so forms an attractive 
target for therapy.

Abciximab, tirofiban, and eptifibatide are currently available for 
clinical use. Abciximab is a monoclonal antibody directed against 
the glycoprotein receptor, while tirofiban and eptifibatide are high 
affinity non‐antibody receptor inhibitors. The use of intravenous 
glycoprotein Iib/IIIa inhibitors (GPI) has been studied in patients 
with ACS and those undergoing intracoronary stent implantation 
and has been associated with improved outcomes (Figure 43.1).

The use of GPI among patients who are undergoing PCI depends 
upon on the clinical setting of PCI and patient risk for ischemic com
plications. The utility of GPI in “elective” PCI has been evaluated in 
the EPIC, EPILOG, and EPISTENT trials for abciximab [1–5], 
IMPACT‐II and ESPRIT trials for eptifibatide [6,7], and the 
ADVANCE and TOPSTAR trials for tirofiban (Table  43.2) [8,9]. 
These trials were completed before the routine use of stents in 
patients undergoing PCI and before the use of clopidogrel prior to 
and/or at high dose before PCI and before development of more 
potent oral antiplatelet agents. The incremental benefit of GPI in 
patients pretreated with aspirin and clopidogrel was addressed in the 
ISAR‐REACT series of randomized placebo‐controlled trials. 
Among patients undergoing elective PCI, considered low to interme
diate risk for ischemic complications, the ISAR‐REACT trial found 
no benefit for GPI at 30 days or in subsequent follow‐up at 1 year in 
patients who had received clopidogrel (600 mg) at least 2 hours prior 
to the procedure [10]. The same lack of benefit was apparent for GPI 
in a subgroup analysis of lower risk patients from the ESPRIT trial 
[11]. However, there is evidence that GPI did p rovide benefit among 
patients with ACS and high risk patients undergoing elective proce
dures who were pretreated with clopidogrel [10,12,13].

Based on available data, many operators limit use of GPI in 
e lective PCI to those patients considered higher risk, or to those 
who have not already received appropriate pretreatment with anti
platelet therapy, those who have a suboptimal angiographic result 
or angiographic complications during the procedure, so‐called 
b ailout. There is marked variation in opinion regarding the optimal 
duration of GPI infusion following PCI.

Abciximab
Abciximab is the Fab fragment of the chimeric human‐murine 
monoclonal antibody 7E3. With intravenous bolus, plasma con
centrations decrease rapidly with an initial half‐life of less than 
10 minutes and second phase half‐life of 30 minutes, likely related to 
rapid binding to the platelet glycoprotein receptor. At highest dose, 
80% of platelet GP receptors are occupied in 2 hours, and platelet 
a ggregation is completely inhibited. Upon cessation, free plasma 
concentrations rapidly fall over the first 6 hours, then at a slower rate.

When initially studied in ACS, patients invariably underwent 
angioplasty without stenting and thienopyridine therapy was not used. 
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A number of randomized trials were performed and in a subse
quent meta‐analysis including over 5400 patients from the EPIC 
[1–3], EPILOG [4,14], RAPPORT [15], EPISTENT [5], and 
CAPTURE [16–20] studies who received percutaneous translumi
nal coronary angioplasty (PTCA), abciximab significantly reduced 
30‐day mortality and reinfarction (hazard ratio 0.52, 95% CI 0.41–
0.65) [21]. A meta‐analysis looking at patients with STEMI who 
underwent PCI with stenting with abciximab or placebo included 
the RAPPORT [15], ADMIRAL [22,23], ISAR REACT‐2 [24], 
CADILLAC [25], and ACE studies [26]. Abciximab showed a 
s ignificant reduction in mortality at 30 days (2.4% vs. 3.4% with 
placebo) and at 6–12 months (4.4% vs. 6.2%), with no increased 
bleeding seen in these patients [27].

In terms of patients with stable coronary heart disease undergo
ing PCI, the following trials evaluated outcomes comparing abcixi
mab with placebo in predominantly stable patients and came to 
differing conclusions.

The EPILOG study examined a lower risk group of patients 
including approximately 30% with stable ischemia, and patients 
with unstable angina and ECG changes or acute myocardial infarc
tion (MI) in the previous 24 hours were excluded. The trial rand
omized 2792 patients to undergo emergent or elective PCI with 
abciximab and either standard or low dose heparin versus placebo 
with standard dose heparin. The trial was terminated early at the 
first interim analysis for reaching its efficacy endpoint (death, MI, 
or urgent revascularization) at 30 days with greater than 50% rela
tive reduction in both abciximab arms, standard and low dose hep
arin (composite event rates of 5.4% and 5.2%, respectively) 
compared with placebo (composite event rate of 11.7%). There was 
no difference in major bleeding between the groups [4]. 
Subsequently, the EPISTENT trial randomized 2399 patients under
going elective (approximately 40%) or emergent PCI to stenting 

alone, stenting with abciximab, or PTCA with abciximab [28,29]. 
All patients who received a stent were given aspirin and ticlopidine. 
Adverse events (death, MI, and urgent revascularization) at 30 days 
(10.8%, 5.3%, and 6.9%) and 6 months (11.4%, 5.6%, and 7.8%) 
were significantly lower in the abciximab groups, with the difference 
largely driven by reduced death and NSTEMI.

Conversely, the ISAR‐REACT study consisted of 2159 patients 
with stable coronary artery disease undergoing PCI with stenting 
and treated with aspirin and thienopyridine, who were randomized 
to abciximab or placebo. The 30‐day major adverse cardiac events 
(MACE) rates between abciximab and placebo were the same (both 
4%), and major bleeding complications were comparable [10]. In 
the ISAR‐REACT 2 trial, abciximab administration, among high 
risk patients with NSTEMI among receiving clopidogrel with a 600‐
mg loading dose, was associated with a lower incidence of death, 
MI, or urgent revascularization (8.9% vs. 11.9%, RR 0.75, 95% CI 
0.58–0.97; p = 0.03), but the benefit was confined to those who with 
elevated troponin (13.1% vs. 18.3%, RR 0.71, 95% CI 0.54–0.95; 
p = 0.02) compared with those who had normal troponin level 
(4.6% vs. 4.6%, RR 0.99, 95% CI 0.56–1.76; p = 0.98) [13].

Tirofiban
Stable patients undergoing PCI were evaluated in the ADVANCE 
trial which aimed to assess the potential benefit of using a higher 
dose of tirofiban than had been used in trials assessing the drug in 
the setting of ACS (RESTORE, PRISM, and PRISM‐PLUS trials) 
[30–32]. A total of 202 patients, pretreated with thienopyridines, 
were randomized to high dose bolus tirofiban (25 μg/kg/3 min, and 
infusion of 0.15 μg/kg/min for 24–48 hours) or to placebo [8]. At 6 
months, adverse events (death, MI, target vessel revascularization 
(TVR), or bailout GPI) was significantly less frequent with tirofiban 
(20% vs. 35%, hazard ratio 0.51, 95% CI 0.29–0.88; p = 0.01), 

Trial IIb/IIIa Drug Placebo

Composite endpoint Odds ratio and 95% CIs

RRR

EPIC abciximab 8.3%

5.3%

11.3%

9.5%

8.0%

5.3%

6.8%

7.8% 11.6%

10.5%

10.8%

10.5%

11.4%

15.9%

11.7%

12.8% 35%*

55%*

29%*

17%

24%

51%*

35%*

0.25
GP IIb/IIIa better        placebo better

1 4

33%*

abciximab

abciximab

abciximab

epti	batide
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Pooled

Figure 43.1 Glycoprotein IIb/IIIa inhibitors in percutaneous coronary interventions. The composite endpoint is the risk of death, non‐fatal 
myocardial infarction, or urgent revascularization at 30 days. * Indicates statistical significance at p <0.05. In EPIC, the abciximab bolus plus infusion 
group was compared with the placebo group. In EPILOG, the abciximab plus low dose heparin and the abciximab plus standard dose heparin 
groups were combined. In IMPACT‐II, the low and high dose eptifibatide groups were combined. In EPISTENT, the stent plus abciximab group was 
compared with the stent plus placebo group. CIs, confidence intervals; GP, glycoprotein; RRR, relative risk reduction. Source: Sabatine MS, Jang I. 
The use of glycoprotein IIb/IIIa inhibitors in patients with coronary artery disease. Am J Med 2000; 109(3): 224–237. Copyright 2000 Elsevier.
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a difference driven by the incidence of MI and bailout GPI in the 
placebo group. In subgroup analysis, the benefit of tirofiban was 
significant among patients with ACS but not among those with 
s table angina.

A small study of 96 patients, the TOPSTAR (The Effect of 
Additional Temporary Glycoprotein IIb/IIIa Receptor Inhibition 
on Troponin Release in Elective Percutaneous Coronary 
Interventions after Pre‐treatment with Aspirin and Clopidogrel) 
trial, was a randomized, double‐blind, placebo‐controlled study, 
and the first to observe that additional inhibition of platelet 
a ggregation by tirofiban with aspirin and clopidogrel reduced peri‐
procedural troponin release and the composite endpoint (death, 
MI, and TVR) after 9 months (2.3% with tirofiban vs.13.0% with 
placebo; p <0.05) [9].

Eptifibatide
Eptifibatide is a hepapeptide of the glycoprotein IIb/IIIa receptor 
that inhibits platelet aggregation. The plasma half‐life is 10–15 
minutes, and it is predominantly renally excreted (75%) with the 
remainder via hepatic pathways (25%) (Table 43.1).

Over 4000 patients were enrolled in the IMPACT‐II (Integrilin to 
Minimize Platelet Aggregation and Coronary Thrombosis‐II) study 
(59% with stable coronary disease), which randomized patients to 
either placebo or one of two doses of eptifibatide [7]. At 30 days, 
there was no significant difference in the MACE rates between the 
groups, and eptifibatide did not increase rates of major bleeding or 
transfusion. By a treatment‐received analysis, the lower dose regi
men produced a significant reduction in the composite endpoint 
(11.6% vs. 9.1%; p = 0.035), with reduced rates of abrupt closure and 
ischemic events at 30 days, but the higher dose produced a less sub
stantial reduction (11.6% vs. 10.0%; p = 0.18). The investigators 
believed that the doses studied appeared to be at the lower end of 
the efficacy–response curve, and that further investigation was 
needed.

The ESPRIT trial randomly assigned 2064 patients to placebo or 
eptifibatide immediately prior to elective PCI [6]. The trial was ter
minated prematurely because eptifibatide reduced the primary 
endpoint (48 hour death, MI, urgent revascularization, or bailout 
GPI) by 37% (6.6% vs. 10.5%; p = 0.0015).

The INSTANT trial attempted to examine the benefit of added 
eptifibatide to heparin versus heparin alone in stable patients 
undergoing complex PCI; however, the trial was stopped early 
because of slow enrollment and because it lacked statistical power, 
but there were favorable trends in the primary endpoint of abnor
mal post PCI creatine kinase‐MB (CK‐MB) (41% in eptifibatide 
and heparin group vs. 55% in the heparin alone group, RR 0.74; 
p = 0.169) [33] suggesting that further larger studies are warranted.

Comparisons between agents
The TARGET study was designed to test whether tirofiban was not 
inferior to abciximab in patients undergoing elective PCI, but dem
onstrated that tirofiban offered less protection from major ischemic 
events than did abciximab (30‐day MACE 7.6% with tirofiban vs. 
6.0% abciximab, HR 1.26, 95% CI 1.01–1.57; p = 0.038) [34]. The 
inferiority of tirofiban was thought to be to the result of an inade
quate bolus regimen.

The TENACITY (Tirofiban Evaluation of Novel Dosing Versus 
Abciximab with Clopidogrel and Inhibition of Thrombin) trial 
sought to investigate a high dose tirofiban bolus regimen and rand
omized patients undergoing elective PCI to abciximab or tirofiban, 

with all patients receiving aspirin and clopidogrel. Patients were 
additionally randomized to either unfractionated heparin (UFH) or 
bivalirudin. The planned enrollment of 8000 only reached 383 
patients as a result of financial reasons. Results from this small 
group suggested that further study is warranted (30‐day MACE, 
8.8% with abciximab vs. 6.9% with tirofiban) [35].

A meta‐analysis of eight prospective trials evaluating 14,644 
patients undergoing PCI compared abciximab, tirofiban, and eptifi
batide. Certain differences were noted between the agents, but these 
trials compared each drug with placebo so conclusions regarding 
comparative effectiveness is limited, especially because these trials 
largely included patients treated with PTCA only or those who did 
not receive thienopyridine treatment [36].

Unfractionated heparin
The most commonly used antithrombin agent for PCI has been 
UFH. UFH has been the gold standard for many years in the treat
ment of patients undergoing PCI because of its ease of administra
tion, rapid onset, easily measurable efficacy (monitored by activated 
clotting time; ACT), and reversibility. It is a heterogeneous mixture 
of glycosaminoglycans of varying lengths with a high affinity for 
antithrombin. The antithrombin activity of UFH is dependent on 
antithrombin activation, which subsequently inactivates thrombin, 
and so UFH is considered an indirect antithrombin agent.

Elimination of UFH is initially through rapid metabolism within 
the endothelial cells and macrophages (zero‐order kinetics), and 
then by a slower renal clearance (first‐order kinetics). Plasma half‐
life is dependent on the dosage administered but is of the order of 
1  hour at doses of 100 unit/kg. If necessary, the effects can be 
reversed with protamine sulfate.

UFH remains the mainstay anticoagulant worldwide in patients 
undergoing PCI. Despite its common use, there have been no 
p rospective randomized comparisons demonstrating efficacy 
c ompared with placebo for obvious reasons, and the current dosing 
regimens are empiric because clinical experience and anecdotal evi
dence demonstrate clearly the need for some degree of anticoagula
tion with balloon and stent‐mediated vascular wall injury. In a 
pooled analysis of data from randomized clinical trials utilizing 
UFH only, there was a gradient of benefit associated with increasing 
degrees of anticoagulation. At ACT levels >350 seconds there was 
an association with fewer ischemic events, although bleeding rates 
increased [37]. The STEEPLE (Safety and Efficacy of Intravenous 
Enoxaparin in Elective Percutaneous Coronary Intervention: 
An  International Randomized Evaluation) Study [38] noted that 
bleeding increased significantly with ACT values >325 seconds, but 
ischemic events also increased when the ACT value was <325 sec
onds [38]. Available data do not support the use of prolonged 
h eparin infusions after PCI where an excess in bleeding events and 
accompanying increase in the length of stay without a reduction in 
ischemic events has been observed with this approach.

Anticoagulation using UFH monotherapy appears insufficient to 
optimally protect against ischemic events such as peri‐procedural 
MI in patients with ACS. Aggressive antiplatelet therapy is thought 
to prevent against embolization of platelet aggregates formed as a 
result of platelet activation induced by UFH. The use of high dose 
clopidogrel or GPI in elective PCI, or the use of both in patients 
with ACS undergoing PCI reduces peri‐procedural ischemic 
c omplications with UFH [6,8,28].

The high ACT levels utilized in early studies are no longer 
thought to be required given the high prevalence of stent usage and 
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antiplatelet medications, nearly eliminating the complication of 
abrupt closure [39]. The optimal dosing regimen is not defined, but 
most practitioners utilize regimens of 40–60 IU/kg for goal ACT of 
>225 seconds when GPI is used and a goal ACT of >300 seconds 
when UFH is used alone (Table 43.1). A prospective single center 
trial of elective transfemoral PCI with low dose heparin at 40 IU/kg 
in 300 patients pretreated with aspirin and 600 mg clopidogrel 
showed low ischemic and bleeding complications [40], but a rand
omized trial has yet to be performed. The optimal dosing regimen 
with new oral antiplatelet agents, prasugrel and ticagrelor, also 
remains a matter of debate given variable times of pretreatment and 
the lack of supportive outcomes studies.

During PCI, major limitations of UFH include the narrow thera
peutic window, unpredictable individual antithrombin response 
across patient populations and disease states, platelet activation, 
and an inability to bind to clot‐bound thrombin. The latter is pro
tected from inhibition by the heparin–antithrombin complex serv
ing to propagate thrombus even while heparin is being administered, 
and it can act as a nidus for further thrombin activation upon dis
continuation of heparin. There is also a risk of heparin‐induced 
thrombocytopenia (HIT) and thrombosis syndrome (HITTS) [41]. 
The latter is rare in the setting of elective PCI, but can be seen with 
repeated exposures [42]. To address these limitations, other agents 
have been developed.

Low molecular weight heparins
Low molecular weight heparins (LMWH) are produced by chemi
cal and enzymatic depolymerization of UFH resulting in fragments 
with a mean molecular weight of 3000–5000 Da. Specifically, these 
agents have a greater activity against factor Xa than against throm
bin, a uniform and predictable anticoagulation action and lower 
incidence of HIT, addressing some of the limitations of UFH. 
LMWHs have a longer half‐life than UFH, and clearance is by renal 
excretion. In patients with severe renal dysfunction (creatinine 
clearance <30 mL/min), the dosage is typically halved. Because it 
has greater anti‐Xa activity, LMWH dosing cannot be reliably 
adjusted using the ACT (Table 43.1).

The most studied of the LMWHs is enoxaparin. An observa
tional study of 803 patients with ACS treated with a twice daily dose 
of 1 mg/kg enoxaparin subcutaneously showed that 30‐day mortal
ity was closely linked with anti‐Xa levels [43]. This study served 
as  the basis of dosing for subsequent PCI studies where anti‐Xa 
 levels >0.5 IU/mL are considered therapeutic for enoxaparin [44]. 
However, anti‐Xa levels are not commonly measured during PCI, 
though they are sometimes measured in medically treated patients.

One aspect of enoxaparin use is that the drug can be adminis
tered parenterally or subcutaneously. The subcutaneous route has 
been used for initial medical mananagement of ACS [45] and the 
parenteral route is used for PCI [44,46].

Experience with enoxaparin in PCI included a series of studies 
performed by the National Investigators Collaborating on 
Enoxaparin (NICE) group. The NICE‐1 registry consisted of 828 
patients receiving intravenous enoxaparin before coronary inter
vention at time of elective or urgent PCI. All patients received aspi
rin, and clopidogrel pretreatment at that time was left to operator 
discretion. The composite endpoint of death, MI, and urgent revas
cularization at 30 days was seen in 7.7%, with MI in 5.4% [47].

NICE‐4 evaluated PCI with enoxaparin and compared these 
patients with historic data from the EPILOG and EPISTENT stud
ies where UFH and a GPI (abciximab) were used. NICE‐4 adopted 

a protocol where 818 patients received enoxaparin 0.75 mg/kg and 
abciximab 0.25 mg/kg bolus followed by 0.125 μg/kg/min infusion. 
The 30‐day composite endpoint of death, MI, or urgent revasculari
zation occurred in 6.8%, suggesting that enoxaparin can confer a 
similar efficacy and safety to UFH when used with abciximab [47].

The SYNERGY (Superior Yield of the New Strategy of 
Enoxaparin, Revascularization and Glycoprotein IIb/IIIa Inhibitors) 
trial randomized 10,027 patients with ACS to either subcutaneous 
enoxaparin or intravenous UFH. Enoxaparin proved non‐inferior 
to UFH with the primary endpoint of death or MI at 30 days. For 
PCI, there was no difference in rates of unsuccessful PCI, abrupt 
closure, or emergency coronary artery bypass grafting (CABG) 
between groups. There was a significantly higher rate of thromboly
sis in myocardial infarction (TIMI) major bleeding among patients 
receiving enoxaparin, but no significant difference in the rate of 
GUSTO severe bleeding, TIMI minor bleeding, or blood transfu
sions between enoxaparin or UFH groups [46]. The SYNERGY data 
were not blinded and there was significant crossover between UFH 
and enoxaparin; an occurrence associated with worse bleeding 
o utcomes compared with no crossover.

Though not the primary intent of the study, the EXTRACT‐
TIMI‐25 (Enoxaparin and Thrombolysis Reperfusion for Acute 
Myocardial Infarction Treatment, Thrombolyis in MI‐Study 25) 
reported on the role of enoxaparin for elective PCI after STEMI. 
PCI occurred at a median of 109–122 hours following fibrinolysis 
[48]. The 2272 patients on enoxaparin undergoing PCI had a 
 significant reduction in 30‐day death or MI (10.7% vs. 13.8%; 
p = 0.001) without an increase in TIMI major bleeding, providing 
indirect evidence that enoxaparin is superior to UFH in reducing 
ischemic complications during STEMI and for elective PCI after 
fibrinolysis.

The CRUISE trial randomized 261 patients undergoing elective 
or urgent PCI to intravenous enoxaparin 1 mg/kg or UFH, with all 
patients also receiving eptifibatide. There was no difference in 
bleeding complications or angiographic complications (6.3% vs. 
6.2%; p = NS) during the procedure, and no differences in ischemic 
endpoints at 48 hours or 30 days.

The STEEPLE trial evaluated 3528 patients with PCI who were 
randomized to enoxaparin (0.5 or 0.75 mg/kg) or UFH adjusted 
according to ACT, and stratified according to the use or non‐use of 
GPI [44]. GPI and thienopyridines were used in 40% and 95% of 
patients, respectively, and 16% of cases required multivessel inter
vention. The lowest rate of non‐CABG‐related bleeding at 48 hours 
was seen in the 0.5 mg/kg enoxaparin arm (5.9% vs. 8.5%; p = 0.01), 
but the 0.75 mg/kg enoxaparin dose was not significantly different 
(6.5% vs. 8.5%; p = 0.051). Patients in the 0.5 mg/kg group achieved 
a therapeutic level of anticoagulation 78.8% of the time compared 
with 91.8% in the 0.75 mg/kg group. Only 19.7% of patients in the 
UFH arm achieved therapeutic anticoagulation (p <0.001 for either 
enoxaparin dose vs. UFH) [22]. The trial was not large enough to 
provide a definitive comparison of efficacy in prevention of 
ischemic events.

A meta‐analysis of 13 trials comparing intravenous LMWH with 
UFH showed that a strategy of intravenous LMWH was associated 
with significant reduction in major bleeding (odds ratio 0.57, 95% 
CI 0.40–0.82), with no difference in death, MI, or TVR [49]. 
Overall, the use of intravenous enoxaparin during elective PCI is 
associated with a better safety profile than weight‐adjusted UFH 
with no additional risk of ischemic events. The possibility of 
improved outcomes compared with UFH among patients undergo
ing elective PCI with aggressive intravenous or oral antiplatelet 
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therapy remains unproven. Coupled with an inability to easily mon
itor therapeutic levels during PCI, complex dosing regimens, and 
the need for dose adjustment among patients with impaired renal 
function, enoaxaparin is not frequently utilized during elective PCI.

Dalteparin
Supportive data for the LMWH dalteparin are limited. While 
dalteparin was utilized in 2457 patients undergoing PCI in ACS, the 
subjection of this study was comparing an early invasive to con
servative approach to PCI in ACS rather than a comparison of anti
coagulation strategies [50]. Use of dalteparin in elective PCI has not 
been adequately studied. A dose‐ranging study of 107 patients with 
all patients receiving aspirin and abciximab led to early unblinding 
of the study and the decision to terminate the lower dose 40 unit/kg 
arm. The composite endpoint of death, MI, and urgent revasculari
zation was observed in 15.5% of patients, and major bleeding and 
transfusion each occurred in 2.8% of patients. Despite the fact that 
the study was inadequately powered to evaluate the agent fully in 
this setting, the high clinical event rates resulted in limited uptake.

Fondaparinux
In the attempt to overcome the limitations of the heparins, newer 
agents have been developed to specifically inhibit factor Xa. 
Fondaparinux, a pentasaccharide, is a synthetic indirect inhibitor of 
factor Xa that mimics the action of heparin through its interaction 
with antithrombin. Its half‐life is approximately 20 hours, allowing 
once daily dosing. Action upstream from thrombin in the coa
gulation cascade is an attractive feature during PCI, and HIT is 
extremely rare [51]. It is contraindicated with renal insufficiency 
because of primarily renal excretion (Table 43.1).

Phase 2 experience proved promising with fondaparinux during 
PCI in the ASPIRE study (Arixtra Study in Percutaneous Coronary 
Intervention: A Randomized Evaluation) which randomized 350 
patients undergoing elective or urgent PCI to two doses intrave
nously (2.5 and 5.0 mg) or weight‐adjusted UFH. There was no dif
ference compared with UFH in terms of total bleeding (7.7% UFH 
vs. 6.4% fondaparinux; p = 0.61) and the composite of MACE 
(death, MI, urgent TVR, or use of bailout GPI) (6.0% UFH vs. 6.0% 
fondaparinux; p = 0.97) [51].

The OASIS‐5 (Organization to Assess Strategies in Acute 
Ischemic Syndromes) trial was the only study to evaluate patients 
undergoing PCI. Over 20,000 patients with ACS were randomized 
to enoxaparin or fondaparinux. There were no differences in 
ischemic complications, but there was benefit in respect of bleed
ing events with fondaparinux as compared with the LMWH 
(enoxaparin 8.8% vs. fondaparinux 3.3%; p <0.001). A substantial 
number of patients received UFH in both arms of the trial, and the 
protocol was actually modified during the course of the study to 
ensure use of UFH with fondaparinux because of a significantly 
higher rate of  catheter‐related thrombosis (enoxaparin 0.5% vs. 
fondaparinux 1.3%; p = 0.001). The concerns of the study were cor
roborated in the subsequent OASIS‐6 trial in patients with STEMI. 
Primary PCI with fondaparinux resulted in significantly higher 
30‐day mortality and reinfarction than in patients with UFH [52]. 
As a result, guidelines recommend the addition of agents with 
activity against factor IIa during PCI in patients treated with fon
daparinux. As such, this medication is suggested for use among 
patients being treated medically for ACS and has a limited role in 
elective PCI (Table 43.2).

Direct antithrombin agents
The most studied direct thrombin inhibitor in PCI is bivalirudin. It 
is a small molecule, consisting of 20 amino acids, and is a bivalent 
synthetic direct thrombin inhibitor. It binds directly to thrombin in 
both its fluid phase and also its clot‐bound form, unlike heparin‐
based drugs, which bind only to free (unbound) thrombin. 
Bivalirudin inactivates thrombin directly and does not require lab
oratory monitoring to assess effect. Half‐life is approximately 25 
minutes and it does not cause HIT. Thrombin‐induced platelet 
aggregation is essentially obliterated by bivalirudin (Table 43.1).

There is a large body of evidence in support of bivalirudin use in 
patients with ACS, including those with unstable angina, NSTEMI, 
and STEMI [53–59]. In the ACUITY trail [56], bivalirudin mono
therapy in an early invasive PCI strategy in patients with unstable 
angina and NSTEMI provided superior 30‐day clinical outcomes 
compared with a heparin and GPI regimen, and ACUITY scale 
major bleeding was reduced by 47% with bivalirudin at 30 days 
(3.0% vs. 5.7%, RR 0.53, 95% CI 0.43–0.65; p <0.001) [56]. 
HORIZONS‐AMI, one of the largest trial assessing bivalirudin in 
STEMI, reported a mortality benefit at 30 days in the bivalirudin 
monotherapy group compared with a heparin plus GPI strategy 
(cardiac death 1.8% vs. 2.9%; p = 0.03; all cause mortality 2.1% vs. 
3.1%; p = 0.047). The 30‐day rate of net adverse clinical events 
including a lower rate of major bleeding was lower with bivalirudin 
alone (4.9% vs. 8.3%, RR 0.60; p <0.001) [56].

Bivalirudin use in ACS has recently become a controversial topic 
in light of the HEAT‐PPCI trial, a randomized controlled trial, 
where 1812 patients undergoing emergency PCI received either 
bivalirudin or heparin, with similar rate of use of GPI in both arms 
(13% and 15%, respectively). The primary efficacy endpoint (all‐
cause mortality, cerebrovascular accident, reinfarction, target lesion 
revascularization) occurred in 8.7% of the bivalirudin group and 
5.7% of the heparin group (absolute risk difference 3.0%; p = 0.01), 
and the primary safety outcome (major bleeding) occurred in 3.5% 
of the bivalirudin group and 3.1% in the heparin group, showing 
that heparin monotherapy relative to bivalirudin monotherapy 
reduced ischemic events with no difference in major bleeding [60].

Stent thrombosis associated with bivalirudin treatment has been 
noted now in several trials including HORIZONS‐AMI, HEAT‐
PPCI, and EUROMAX [55]; this effect was mitigated in the BRIGHT 
trial where they used a prolonged infusion of bivalirudin post PCI of 
approximately 4 hours. In BRIGHT, 2194 patients with acute MI 
were randomized to bivalirudin, heparin alone, or heparin with 
tirofiban. Primary endpoint (death, MI, TVR, stroke, any bleeding 
at 30 days) occurred in 8.8% of the bivalirudin group, 13.2% of the 
heparin only group, and 17% of the heparin and tirofiban group 
(p <0.001); this difference was driven completely by the reduction 
in bleeding complications, with no difference in MACE [61].

In patients with stable coronary disease undergoing elective PCI, 
there have been two randomized trials supporting the use of bivali
rudin. The REPLACE‐2 (Randomized Evaluation of PCI Linking 
Angiomax to Reduced Clinical Events‐2) study was a multicenter, 
double‐blind, triple dummy randomized trial in patients with a low 
to moderate risk for ischemic complications undergoing PCI (56% 
elective cases). Patients were randomized to heparin with planned 
GPI (abciximab, or eptifibatide) or bivalirudin with provisional 
GPI. At 30 days, there was no significant difference in MACE 
(death, MI, urgent revascularization, or major bleeding) between 
the groups (9.2% in bivalirudin group vs. 10.0% in heparin plus 
GPI). In‐hospital major bleeding rates were significantly reduced by 
bivalirudin (2.4% vs. 4.1%; p <0.001).
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Table 43.2 Recommendations for antithrombin use.

Recommendation
Class of 
recommendation

Level of 
evidence Guideline

Unfractionated 
heparin

UFH should not be given to patients already receiving therapeutic 
subcutaneous enoxaparin

III (Harm) B PCI

For patients with UA/NSTEMI in whom an initial conservative strategy is 
selected, enoxaparin or fondaparinux is preferable to UFH as anticoagulant 
therapy, unless CABG is planned within 24 h

IIa B UA/
NSTEMI

For patients with UA/NSTEMI who are managed conservatively and do not 
develop an indication for catheterization continue UFH for 48 h if managed 
without PCI or CABG; otherwise discontinue

I A UA/
NSTEMI

Enoxaparin For PCI, additional 0.3 mg/mg IV dose if last SQ dose >8–12 h or <2 doses 
administered

I B PCI

PCI with enoxaparin can be reasonable in patients either treated with 
“upstream” subcutaneous enoxaparin for UA/NSTEMI or who have not 
received prior antithrombin therapy and are administered IV enoxaparin at 
the time of PCI

IIa B PCI

For patients with UA/NSTEMI in whom an initial conservative strategy is 
selected, enoxaparin or fondaparinux is preferable to UFH as anticoagulant 
therapy, unless CABG is planned within 24 h

I A UA/
NSTEMI

Continue enoxaparin for duration of hospitalization, up to 8 days, if given 
before diagnostic angiography and no PCI or CABG

I A UA/
NSTEMI

Bivalirudin For patients undergoing PCI, bivalirudin is useful as an anticoagulant with or 
without prior treatment with UFH

I B PCI

Either discontinue bivalirudin or continue at 0.25 mg/kg/h for up to 72 h at 
the physician’s discretion if given before diagnostic angiography and no PCI 
or CABG

I B UA/
NSTEMI

With HIT, it is recommended that bivalirudin or argatroban be used to 
replace UFH

I B PCI

Fondaparinux Fondaparinux should not be used as the sole anticoagulant to support PCI III (Harm) C PCI

For UA/NSTEMI patients in whom an initial conservative strategy is selected, 
enoxaparin or fondaparinux is preferable to UFH as anticoagulant therapy, 
unless CABG is planned within 24 h

I A UA/
NSTEMI

Continue fondaparinux for duration of hospitalization, up to 8 days, if given 
before diagnostic angiography and no PCI or CABG

I A UA/
NSTEMI

With a conservative strategy, in those patients who have an increased risk of 
bleeding, fondaparinux is preferable

I B UA/
NSTEMI

Argatroban With HIT, it is recommended that bivalirudin or argatroban be used to 
replace UFH

I B PCI

Glycoprotein 
IIb/IIIa inhibitors

Elective PCI patients treated with UFH and not pretreated with clopidogrel, 
GPI can be used (abciximab, double‐bolus eptifibatide, or high‐bolus dose of 
tirofiban)

IIa B PCI

If pretreated with clopidogrel, in elective patients using UFH, the level of 
evidence is less compelling

IIb B PCI
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The ISAR‐REACT‐3 (Intracoronary Stenting and Anti‐throm
botic Regimen  –  Rapid Early Action for Coronary Treatment) 
trial evaluated 4570 troponin‐negative patients treated with aspi
rin and clopidogrel (600 mg loading dose) at least 2 hours prior to 
planned PCI. Patients were randomized to 140 IU/kg UFH or 
bivalirudin in what was a placebo‐controlled trial. The primary 
endpoint of MACE at 30 days (death, MI, urgent TVR, or major 
bleeding) was not different (UFH 8.7% vs. bivalirudin 8.3%, RR 
0.94, 95% CI 0.77–1.15; p = 0.57). There was a significant reduc
tion in major bleeding (4.6% vs. 3.1%; p = 0.008) and minor 
bleeding (9.9% vs. 6.8%; p = 0.001) with bivalirudin, but one criti
cism is that UFH dosing was higher than used in contemporary 
practice [58,62]. Thus, the patients in the UFH arm may have had 
higher bleeding rates, resulting in the apparent advantage for 
bivalirudin.

The NAPLES‐III trial showed no difference between bivalirudin 
and UFH use in elective PCI in patients with high bleeding risk. 
The study randomized 837 patients with stable and unstable angina 
and high predicted risk of bleeding to receiving either bivalirudin 
or heparin therapy (WITHOUT concomitant GPI) during elective 
transfemoral PCI. The primary endpoint of in‐hospital bleeding 
was similar between the bivalirudin and heparin arms (3.3% vs. 
2.6%; p = 0.54). Clinical endpoints at 30 days were also similar 
between the two arms with regard to MACE (6.5% vs. 4.3%; 
p = 0.17), death (2.4% vs. 1.4%), MI (0.2% vs. 0%), stent thrombosis 
(0.5% vs. 0.5%), and 1 year outcomes were likewise similar. The use 
of dual antiplatelet therapy (DAPT) was not clarified in this trial 
[63]. Notably, heparin dosing in NAPLES‐III was similar current 
practice at 70 IU/kg, rather than the higher dose of 140 IU/kg used 
in ISAR‐REACT 3.

A 2014 meta‐analysis, including data from 16 trials with 33,958 
patients, including elective PCI reported an increase in the risk of 
MACE with bivalirudin‐based regimens compared with heparin‐
based regimens (risk ratio 1.09; p = 0.02), which was largely driven 
by increases in MI and revascularization. Bivalirudin increased the 
risk of stent thrombosis (risk ratio 1.38; p = 0.0074). Furthermore, 
while bivalirudin lowered the risk of major bleeding, this varied 
largely depending on whether GPI were used with heparin (risk 
ratio 0.53; p <0.0001) or provisionally planned in both arms (risk 
ratio 0.78, p = 0.25; risk ratio 1.07, p = 0.53) [64]. Needless to say, 
there are a wide array of varying of protocols and patients included 
in this meta‐analysis, which limits its applicability.

Taken together, these trials indicate that bivalirudin is a reason
able alternative to UFH alone or in combination with GPI in 
patients undergoing elective PCI, especially in patients with high 
bleeding risk. However, there is a consistent signal in ACS trials of 
acute stent thrombosis associated with bivalirudin use which may 
be mitigated by prolonging the infusion or more potent platelet 
inhibition, issues that warrant further study.

Other agents
Argatroban is a direct thrombin inhibitor approved by the Food 
and Drug Administration (FDA) in 2000 for use in prophylaxis or 
treatment of thrombosis in patients with HIT. In 2002, it was 
approved for use during PCI in patients who have HIT or are at risk 
of developing it. It is given intravenously, has a half‐life of 50 min
utes, and is metabolized in the liver. It can be used in the setting of 
renal failure, but not in those with significant hepatic dysfunction 
(Table  43.1). Another direct thrombin inhibitor, lepirudin, had 
been available for HIT patients. A business decision was made by 

the manufacturer to discontinue production of this agent in May 
2012. More evidence is still needed to clarify the role of novel oral 
anticoagulants such as rivaroxaban, dabigatran, and apixaban in 
elective PCI.

Intravenous antiplatelet therapy
Until recently, glycoprotein IIb/IIIa receptor antagonists were the 
only intravenous antiplatelet medications approved for use in the 
USA until cangrelor was approved in June 2015. Cangrelor is an 
intravenous P2Y12 receptor antagonist with near immediate effect. 
It has a half‐life of 2.6–3.3 minutes, and normal platelet function is 
restored within 1 hour of discontinuation. The medication was 
evaluated in a series of trials. The Cangrelor versus Standard 
Therapy to Achieve Optimal Management of Platelet Inhibition 
(CHAMPION)‐PCI and CHAMPION‐PLATFORM studies yielded 
disappointing results. The two trials were stopped prematurely, 
after interim analyses indicated that demonstration of a benefit for 
the primary endpoint would be unlikely [65,66]. Secondary end
points, from the CHAMPION‐PLATFORM trial, indicated that 
PCI patients receiving cangrelor had fewer stent thromboses com
pared with delayed administration of clopidogrel. As such, the 
CHAMPION‐PHOENIX trial was designed comparing cangrelor 
at the time of PCI to clopidogrel administration after PCI [67]. In 
approximately 11,000 patients undergoing PCI, the primary end
point of all‐cause mortality, MI, ischemia‐driven revascularization, 
or stent thrombosis at 48 hours was lower with cangrelor than 
clopidogrel (4.7% vs. 5.9%, OR 0.78,95% CI 0.66–0.93; p = 0.005). 
This difference was largely attributable to a difference in the rate of 
stent thrombosis at 48 hours (0.8% vs. 1.4%, OR 0.62, 95% CI 0.43–
0.90; p = 0.01), of which most were intraprocedural stent thrombo
ses (0.6% vs. 1.0%, OR 0.65, 95% CI 0.42–0.99; p = 0.04). These 
differences persisted to 30 days. ACUITY major bleeding was more 
frequent with cangrelor (4.3% vs. 2.5%, OR 1.72, 95% CI 1.39–2.13; 
p <0.001). Cangrelor is approved for PCI amongst patients who 
have not received GPI or adequate pretreatment with oral antiplatelet 
medications.

Conclusions
Anticoagulation strategies have rapidly evolved over recent decades 
and numerous agents are now available. An improved understand
ing of the coagulation cascade and the interplay between thrombin 
and platelet activation has led to the development of agents specifi
cally targeting key components of the coagulation cascade. Along 
with improvements in PCI technique, expanded use of these agents 
has led to impressive reductions in ischemic outcomes and more 
recently in bleeding events. While the magnitude of benefit of these 
agents in clinical trials over UFH is smaller or non‐existent in elec
tive PCI compared with PCI in ACS, there are certainly a number of 
patients at high bleeding risk or who have contraindications to 
UFH and can benefit from these agents.

The mainstay for anticoagulation in PCI for patients with stable 
disease remains UFH, with selective use of additional intravenous 
or oral antiplatelet agents, but LMWH and direct thrombin inhibi
tors, either alone or in combination with heparins, have a variety of 
benefits. Whether more aggressive DAPT, especially prasugrel, 
ticagrelor, or cangrelor, improves ischemic outcomes with UFH, 
LMWH, or bivalirudin without an increase in bleeding complica
tions remains unknown and whether the benefits demonstrated in 
patients with ACS can be generalized to stable patients remains a 
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matter of debate. Finally, personalizing the optimal antithrombin 
in combination with the optimal antiplatelet agent for a patient 
based on individual hematologic, genetic, angiographic, and 
comorbid factors has the potential to improve outcomes dramati
cally but remains an enormously challenging task for future 
investigation.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Key points

• Despite significant improvements, it remains important to select 
anticoagulant agents carefully in the percutaneous treatment of 
coronary disease with the dual goal of decreasing ischemic 
events and minimizing bleeding complications.

• In the “elective” population, glycoprotein IIb/IIIa receptor inhibi-
tors tend to be reserved for higher risk patients, for those not 
adequately pretreated with thienopyridines, or for those with a 
suboptimal procedural outcome.

• Unfractionated heparin (UFH) continues to be a mainstay in the 
elective PCI population because of its ease of use, simple moni-
toring, and reversibility.

• Enoxaparin has been shown to have reduced bleeding outcomes, 
with comparable ischemic events to UFH in patients undergoing 
PCI, but the inability to easily monitor the level of anticoagulation 
has limited its use.

• Bivalirudin is a reasonable alternative to UFH, especially in 
patients with high bleeding risk.
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Patients undergoing percutaneous coronary intervention (PCI) are 
administered a large variety of pharmacologic agents during this 
procedure. In addition to antithrombotic drugs to minimize the 
risk of thrombotic complications of the mechanical intervention 
performed during PCI, patients are sometimes administered seda
tives, analgesics, vasodilators, antiarrhythmic agents, vasopressors, 
and inotropes. Sedative and analgesic drugs are used to increase 
patient well‐being during the procedure. Vasodilators can be 
administered for a variety of indications, for example to facilitate 
standardized and accurate vessel size measurements, treatment of 
the no‐reflow phenomenon after PCI, treatment of arterial spasm 
during PCI, or inducing maximal hyperemia to facilitate measure
ment of fractional flow reserve (FFR). Antiarrhythmic drugs are 
indicated for recurrent ventricular fibrillation, ventrical tachy
cardia, or to prevent ventricular extrasystoles during ventriculogra
phy. Moreover, several drugs should be interrupted before coronary 
angiography or PCI such as metformin, diuretics, and angiotensin 
converting enzyme (ACE) inhibitors.

Vasodilators during PCI
Vasodilators are used during PCI to treat arterial or coronary spasm 
or no‐reflow, to accurately assess the diameter of coronary arteries 
before stent implantation, or to induce hyperemia during invasive 
coronary physiology measurements. Nitroglycerine, verapamil, and 
adenosine are frequently used during PCI to achieve vasodilatation. 
Nitroglycerin was discovered by Asciano Sobrero in 1847, who first 
noted a violent headache after administering a small quantity of 
nitroglycerine on his tongue [1]. He also discovered its explosive 
properties and was badly scarred on the face after a nitroglycerine 
explosion. Nitroglycerine (glycerine trinitrate) is an organic nitrate 
that releases nitric oxide (NO) through an enzymatic reaction [2]. 
Nitroglycerine causes vasodilatation without a reduction in blood 
pressure in doses up to 200 μg. However, when doses exceeding 
250 μg are administered, hypotension can result without a further 
increase in coronary vasodilatation [3]. Direct NO donors such as 
nitroprusside and molsidomine release NO directly without the 
need for activation by molecular metabolism [4,5].

Verapamil, a calcium channel blocker, is a class IV antiarrhythmic 
agent according to the Vaughan Williams classification. Verapamil 

has negative chronotropic effects by decreasing the electrical 
impulse conduction in the atrioventricular (AV) node, where there 
is a high concentration of calcium channels [6]. By blocking cal
cium channels in the smooth muscle of coronary arteries, verapamil 
also induces vasodilatation [7]. Because of the different mecha
nisms by which verapamil and nitroglycerin cause coronary artery 
vasodilatation, they are often combined and administered together 
as an intracoronary “cocktail.” Because of its negative chronotropic 
properties, verapamil is contraindicated in patients with severe 
bradycardia. Furthermore, verapamil is contraindicated in patients 
with left ventricular dysfunction because of its negative inotropic 
properties. Diltiazem, another calcium channel blocker, has 
stronger vasodilating and weaker negative chronotropic effects 
than verapamil [8].

Adenosine is a purine nucleoside that can bind to purinergic 
receptors in different cell types. Vasodilatation results by binding to 
adenosine type 2A (A2a) receptors in vascular smooth muscle cells. 
Moreover, adenosine inhibits calcium entry into the cell through 
L‐type calcium channels which are present in vascular smooth 
muscle cells and also in the sinoatrial and the AV nodes resulting in 
negative chronotropic and dromotropic effects [9]. Adenosine is 
used to induce hyperemia to accurately assess the severity of inter
mediate coronary artery stenoses by FFR [10]. Adenosine can be 
administered by both intracoronary or intravenous infusion.

Vasodilators in the treatment of no‐reflow
The no‐reflow phenomenon is caused by vasospasm and down
stream embolization of debris during PCI or suboptimal reperfu
sion of an infarct artery attributed to endothelial injury in addition 
to embolization and vasospasm [11]. Most studies investigating the 
utility of vasoactive drugs to treat or prevent no‐reflow have been 
conducted in the setting of PCI for acute coronary syndromes 
(ACS). A recent meta‐analysis of 3821 patients from 10 randomized 
controlled trials undergoing PCI for ACS investigated whether 
adjunct therapy with adenosine was associated with a reduction in 
no‐reflow and subsequently clinical outcomes [12]. Compared with 
placebo, adenosine was significantly associated with a reduction of 
post‐procedural no‐reflow with an odds ratio of 0.25 (95% confi
dence interval 0.08–0.73; p = 0.01). However, adenosine failed to 
reduce mortality, reinfarction, symptoms of heart failure, and 
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ST‐segment resolution. Nicorandil and nitroprusside have also 
been associated with improved coronary flow [13,14], again with
out a benefit in terms of hard clinical endpoints. Therefore, these 
agents are not commonly used in everyday clinical practice. The 
administration of an intracoronary vasodilator to treat PCI‐related 
no‐reflow carries a Class IIa recommendation with a level of evi
dence B in the current interventional guidelines [11].

Vasodilators in the treatment of arterial spasm
Vascular access is associated with fewer bleeding complications 
when compared with the femoral approach and is rapidly becoming 
the standard of care for coronary angiography and percutaneous 
PCI [15]. However, radial artery spasm (RAS) causes reduced success 
rates and patient discomfort during cardiac catheterization via the 
radial approach in approximately 10% of patients [16]. Risk factors 
for the development of RAS include smaller diameter radial arter
ies, female gender, larger sheath size, and operator inexperience 
[17]. RAS can be prevented and treated by using intra‐arterial 
nitroglycerin or a cocktail of vasodilating agents (i.e., 100 μg 
n itroglycerine with 1.25 mg verapamil) [18].

Antiarrhythmic drugs in PCI
Ischemia or pain during PCI results in an increased sympathoadre
nal tone that can induce a rise in heart rate, blood pressure, and 
myocardial contractility, resulting in increased oxygen demand. 
Beta‐blockers decrease myocardial oxygen demand by lowering 
heart rate and blood pressure [19]. A number of animal studies have 
shown that the administration of beta‐blockers can reduce myocar
dial injury in animal models of myocardial infarction [20,21]. 
Moreover, clinical studies established that the administration of 
intracoronary beta‐blockers during PCI may reduce adverse clini
cal events and myocardial injury after PCI [22–24]. For example, 
the METOCARD‐CNIC (the effect of metoprolol in cardioprotec
tion during an acute myocardial infarction) trial randomized 270 
consecutive patients with an anterior ST‐elevation myocardial 
infarction (STEMI) to treatment with intravenous metoprolol or 
nothing before reperfusion [25]. The investigators showed a signifi
cant reduction in infarct size, assessed by magnetic resonance imag
ing (MRI) at 5–7 days after the infarction. Currently, larger clinical 
trials powered for clinical endpoints are being conducted that 
investigate whether the promising results of early metoprolol 
administration before reperfusion in patients with STEMI can be 
confirmed.

Other antiarrhythmic drugs are sporadically used during PCI. 
Lidocaine is not only used as a local anesthetic, but also acts as a 
Class Ib antiarrhythmic drug, blocking the rapid influx of sodium 
ions during the depolarization of cardiac myocytes. Class Ib antiar
rhythmics primarily affect the His–Purkinje system and are used to 
treat ventricular tachycardias. Ventricular extrasystoles occur f requently 
during left ventriculography. Sporadically, sustained ventricular 

tachycardia ensues. A bolus of intravenous lidocaine can be injected 
to stop ventricular tachycardia.

Peri‐procedural sedation
During PCI, peri‐procedural sedation is sometimes applied to 
achieve a minimally depressed state of consciousness without 
c ompromising the airway and by allowing the patient to respond to 
verbal comments [26]. Usually, benzodiazepines are used to achieve 
conscious sedation. Benzodiazepines such as oxazepam, midazolam, 
and diazepam have sedative, hypnotic, muscle relaxant, and anxi
olytic effects by selectively enhancing the inhibitory activity of 
gamma‐aminobutyric acid (GABA) by binding to the benzodiaze
pine site of the GABAa receptor in the central nervous system [27]. 
Anterograde amnesia can sometimes be a welcome side effect of 
benzodiazepines, causing patients to forget any unpleasantness 
during the procedure.

A potential complication when using procedural sedation is the 
possibility that a level of sedation deeper than desired is induced. 
For this reason, current guidelines recommend that level of con
sciousness, respiratory rate, blood pressure, and oxygen saturation 
should be monitored [11]. Additionally, catheterization laboratories 
should be outfitted with oxygen and suction ports and a resuscita
tion cart. Other, less frequently used drugs used for peri‐procedural 
sedation include the opioid fentanyl, and the hypnotic propofol 
[11]. Table 44.1 shows an overview of commonly used short‐acting 
drugs used in peri‐procedural sedation.

Which drugs should be discontinued 
before PCI?
Contrast‐induced acute kidney injury (CI‐AKI) can result as a side 
effect of using contrast agents in PCI and is associated with 
 prolonged hospital stay. CI‐AKI is an infrequent complication in 
non‐diabetic patients with normal renal function (~2%) [28]. 
However, CI‐AKI has been reported to occur in up to 50% of 
patients with diabetic nephropathy and a mean serum creatinine of 
5.9 mg/dL [29]. An association between CI‐AKI and an increased 
incidence of myocardial infarction, target vessel revascularization, 
and death after PCI has been reported [30,31]. Although the mech
anism causing CI‐AKI is currently incompletely understood, direct 
cytotoxicity of iodineated contrast agents and disturbances in renal 
hemodynamics have been identified to be contributing factors 
(Table 44.2) [32].

Patients undergoing PCI will often use medication that is associ
ated with an increased risk of CI‐AKI such as diuretics, non‐steroi
dal anti‐inflammatory drugs (NSAIDs), and angiotensin‐converting 
enzyme inhibitors (ACEI), angiotensin II receptor blockers, and 
direct renin inhibitors. These drugs may cause prerenal kidney 
insufficiency and are routinely discontinued 24–48 hours prior to 

Table 44.1 Overview of short‐acting drugs used in peri‐procedural sedation.

Class Drugs Effects Onset (min) Duration (min) Reversal agents

Benzodiazepines Midazolam Sedative, anxiolytic 2–3 45–60 Flumazenil

Opioids Fentanyl Analgesic 3–5 30–60 Anexate

Other Propofol Sedative, anxiolytic <1 5–15 None
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PCI and restarted after 24–48 hours after PCI. However, no clinical 
trials have investigated whether discontinuation of ACEI or diuret
ics is associated with reduction in CI‐AKI and subsequently a 
reduction in clinical outcome. Interestingly, it was once thought 
that prophylactic treatment with diuretics during PCI could pre
vent CI‐AKI by inducing and maintaining diuresis and blocking of 
the oxygen‐demanding active ionic transport processes in the loop 
of Henle. Solomon et al. [33] randomized 78 patients with chronic 
renal insufficiency who underwent cardiac angiography to receive 
saline alone, saline plus mannitol, or saline plus furosemide during 
a period of 12 hours before and 12 hours after angiography. The 
incidence of CI‐AKI, defined as a rise in serum creatinine of 0.5 mg/dL 
within 48 hours after angiography, was 11%, 28%, and 40% in the 
saline, mannitol, and furosemide groups, respectively (p = 0.05). 
Prehydration with saline became the standard of care after the pub
lication of this landmark trial.

Metformin, an antidiabetic agent from the class of biguanides, is 
associated with the incidence of potentially lethal lactate acidosis 
[34]. The risk of lactate acidosis is increased in patients with acute 
renal insufficiency, therefore metformin is usally discontinued 
24–38 hours after PCI and restarted 48 hours after the procedure 
after renal function has been assessed.

high‐dose statin treatment to reduce 
the risk of peri‐procedural MI
Peri‐procedural myocardial injury, assessed by a rise in cardiac bio
markers after PCI, remains a common complication. Pretreatment 
with high doses of hydroxymethyl‐glutaryl‐CoA reductase inhibi
tors, commonly known as statins, is known to reduce the incidence of 
peri‐procedural myocardial injury. A study by Pasceri et al. [35] ran
domized 153 patients with chronic stable angina undergoing elective 
PCI to pretreatment with atorvastatin 40 mg once daily versus pla
cebo. In this study, the detection of cardiac biomarkers above the 
upper limit of normal was significantly reduced with statin pretreat
ment compared with placebo (20% vs. 48% for troponin I; p = 0.0004). 
A single loading dose of 80 mg atorvastatin or 40 mg rosuvastatin has 
also been found to reduce peri‐procedural myocardial injury [36,37]. 

A small number of other studies and meta‐analyses have confirmed 
the protective effects of statin pretreatment before PCI [38,39]. The 
exact mechanism by which statins reduce peri‐procedural myocar
dial injury is not well understood. These effects of statins occur 
before significant lipid lowering has occurred, therefore it is hypoth
esized that pleitropic effects of statins such as anti‐inflammatory 
effects, a reduction in oxidative stress, or improvement of endothelial 
function are involved.

Vasopressors and inotropes during PCI
Vasopressors and inotropes are sometimes used to treat patients 
who are hemodynamically unstable during PCI in whom short‐ or 
medium‐term recovery is expected. Many of the vasopressors and 
inotropes are a member of the family of catecholamines. These cat
echolamines, such as adrenaline, noradrenaline, dopamine, dobu
tamine, isoproterenol, and phenylephrine, act by stimulating 
alfa‐ or beta‐adrenergic receptors. Simply put, beta‐receptor stimu
lation results in positive chronotropy, positive inotropy, and 
vasodilatation. Alfa‐adrenergic stimulation results in vasoconstric
tion. As vasodilatation by agents with primarily beta‐adrenergic 
receptor stimulating properties can cause blood pressure to fall, 
inotropes such as noradrenaline (with predominantly alfa‐adrenergic 
activity) and phenylephrine (selective alfa‐adrenergic activity) are 
often used in combination with vasopressors. Important complica
tions of catecholamines include tachycardias, both supraventricular 
and ventricular [40]. Finally, stress dose glycocorticoids (cortisol 
100 mg every 8 hours intravenously) should be considered in refrac
tory hypotension and in patients thought to be at risk for adrenal 
insufficiency under stress (e.g., those on high maintenance dose of 
oral steroids).

Conclusions
A large number of adjunct drugs are used during PCI for a variety 
of indications. The use of a variety of sedative, vasoactive, antiar
rhythmic, vasopressive, inotropic, and risk‐factor modifying drugs 
during PCI are sometimes used. Moreover, some types of drugs 

Table 44.2 Drugs that should be stopped prior to PCI.

Class Drugs Reason to discontinue

Diuretics Furosemide, bumetanide, 
hydrochlorothiazide, chlorthalidone

Can cause prerenal kidney injury

Angiotensin‐converting 
enzyme inhibitors

Captopril, enalapril, ramipril, 
lisinopril

Can cause prerenal kidney injury

Angiotensin II receptor 
blockers

Valsartan, candesartan, irbesartan Can cause prerenal kidney injury

Direct renin inhibitors Aliskiren Can cause prerenal kidney injury

Non‐steroidal anti‐
inflammatory drugs

Ibuprofen, diclofenac, naproxen Can cause prerenal kidney injury

Aminoglycoside 
antibiotics

Gentamicin, amikacin, tobramycin Nephrotoxicity by inhibiting protein synthesis in renal cells. 
Nephrotoxicity is increased in patients with liver failure

Biguanides Metformin Increased risk of lactate acidosis



CHAPTER 44 Vasoactive and Antiarrhythmic Drugs During PCI 435

must be temporarily stopped when performing PCI. Decision on 
which adjunct drugs to use during PCI and which drugs to stop 
during PCI should be made carefully, and should be tailored to the 
specific needs of individual patients.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Rationale and evolution behind 
dual antiplatelet therapy after 
stent implantation
The first coronary angioplasty was performed in 1977. It was soon 
realized that occlusion and restenosis were the most common rea
sons for transluminal balloon angioplasty to fail to provide long‐
term benefit and an intravascular mechanical support was therefore 
developed with the aim of preventing restenosis and sudden 
c losure. Almost a decade later, in 1986, following the first implan
tation of a coronary stent, its usefulness was promptly established 
in a case series published in the New England Journal of Medicine in 
1987 [1]. However, in this very first report, the risk of thrombotic 
stent o cclusion was described. In early clinical trials, around 1990, 
the rate of stent thrombosis was approaching 20% [2], which led to 
the a doption of anticoagulant (heparin followed by oral warfarin) 
and antiplatelet regimens including oral aspirin and dipyridamole. 
The  incorporation of this antithrombotic strategy was subse
quently tested in randomized clinical trials in the mid‐1990s, 
c omparing stent implantation with balloon angioplasty, and 
 demonstrated a reduced risk of acute and subacute stent thrombo
sis of approximately 3.5% [3,4]. In 1998, Leon et al. [5] published a 
landmark trial establishing that in comparison with aspirin alone 
and the combination of aspirin and warfarin, a treatment strategy 
with aspirin and ticlopidine resulted in a lower rate of stent throm
bosis, although there were more hemorrhagic complications than 
with aspirin alone at 30 days’ follow‐up. This regimen of a thieno
pyridine derivative added to aspirin has been the mainstay of anti
platelet therapy after coronary stenting ever since and introduced 
the concept of dual antiplatelet therapy (DAPT) in patients under
going percutaneous coronary intervention (PCI). In 2001, the 
CURE trial tested another thienopyridine derivative, clopidogrel, 
on top of aspirin, and lately new P2Y12 inhibitors have been 
 introduced—prasugrel [6] in 2007 and ticagrelor [7] in 2009—
which have f urther improved the outcome of DAPT regimens in 
patients with stents.

In parallel with the evolution of the DAPT regimen, stent 
t echnology has matured from bare metal stents (BMS) over first 
generation to now second generation drug‐eluting stents (DES) 

and  improvements in stent technology have direct implications 
for the clinical strategy of DAPT.

Longstanding controversy about the safety of first generation 
DES, because of their delayed stent strut neoendothelialization 
p reventing restenosis but promoting thrombosis on the exposed 
stent struts compared to BMS, was fueled by concerns of late 
(beyond 30 days) and very late (beyond 1 year) stent thrombosis 
(ST) in patients discontinuing DAPT [8–11], and annual accrual 
rates of ST events up to 4 years [12].

In comparison with older platforms, second generation DES 
d iffer by a stent platform of a cobalt‐chromium or platinum‐
c hromium alloy which enables thinner strut configurations, ren
dering the stent more deliverable. Newer generation DES also have 
improved polymer technology with enhanced drug deliverability 
which generates less vascular inflammatory response and more 
rapid vessel healing by faster endothelial coverage of stent struts, as 
well as less vessel remodeling, persistent fibrin and platelet deposi
tion, and premature neoatherosclerosis [13]. Consequently, trials 
investigating second generation DES have consistently shown lower 
rates of target lesion revascularization (TLR), myocardial infarction 
(MI), and ST than first generation DES [14,15].

Early cessation of DAPT has been known to increase the risk 
of  thrombotic events after PCI with first generation DES [16]; 
h owever, randomized studies suggest that shorter durations are safe 
with newer stent platforms. Faster vessel healing after stent implan
tation results in a decreased need for antithrombotic protection. 
Recently, strategies with DAPT of only 3 months’ duration have 
proven successful [17].

The use of newer generation DES has rapidly increased and is 
currently implanted in approximately 85% of patients undergoing 
PCI. In a nationwide cohort study from Sweden, the use of new‐
generation DES increased from 10% in 2009 to 85% in 2012. In the 
meantime, the use of BMS decreased from 50% in 2007 to 15% in 
2012, while the use of older generation DES decreased from 50% 
in 2007 to 0.1% in 2012 [18].

This constantly evolving stent technology affects international 
guidelines on myocardial revascularization, which have recently 
been altered with regard to the relevant antiplatelet therapy after 
implantation of second generation DES.
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International guidelines on the duration 
of dual antiplatelet therapy
In patients with stable coronary artery disease, the latest European 
guidelines on myocardial revascularization released by the 
European Society of Cardiology and the European Association for 
Cardio‐Thoracic Surgery (ESC/EACTS) recommend DAPT for at 
least 1 month after BMS implantation and 6 months after DES 
implantation. Shorter DAPT duration (<6 months) can be consid
ered in patients at high risk of bleeding. Furthermore, lifelong 
s ingle antiplatelet therapy (usually aspirin) is indicated. Finally, 
DAPT can be used for longer than 6 months in patients with high 
ischemic risk and low bleeding risk.

In patients with acute coronary syndrome (ACS) undergoing 
PCI, the ESC/EACTS guidelines recommend that a P2Y12 inhibitor 
is maintained over 12 months in addition to aspirin, unless there 
are contraindications such as excessive risk of bleeding. Treatment 
options are prasugrel (60 mg loading dose, 10 mg/day) and ticagre
lor (180 mg loading dose, 90 mg twice daily) clopidogrel (600 mg 
loading dose, 75 mg/day) should only be used when prasugrel or 
ticagrelor are not available or are contraindicated [19].

The American guidelines differ in that they do not differentiate 
the duration of DAPT according to ACS presentation in patients 
with stents and generally suggest longer DAPT duration than the 
ECS/EACTS. The latest ACCF/AHA/SCAI guidelines recommend 
DAPT to be continued for up to 12 months in non‐invasively 
treated patients with non‐ST segment elevation (NSTE) ACS and 
for at least 12 months in all ACS and non‐ASC patients undergoing 
PCI with DES [20,21].

The interest of the shortest possible DAPT regimen lies primarily 
in the optimal balance between preventing ischemic events after 
PCI and avoiding the bleeding complications inherent to antiplate
let treatment. Two landmark trials have provided solid evidence 
that the occurrence of major bleeding after PCI increases mortality. 
In both the HORIZONS‐AMI (The Harmonizing Outcomes with 
RevasculariZatiON and Stents in Acute Myocardial Infarction) [22] 
and OASIS‐5 (Organization for the Assessment of Strategies for 
Ischemic Syndromes) [23] trials, the ischemic endpoints between 
the treatment groups were similar but major bleeding differed sig
nificantly, resulting in a mortality benefit associated with reduced 
bleeding. Since then, several other substudies in cohorts originating 
from randomized clinical trials have confirmed that major bleeding 
is a powerful independent predictor of short and long‐term 
m ortality [24,25]. Short DAPT regimes that do not compromise the 
ischemic protective benefit will also provide substantial savings in 
healthcare expenses.

Trials behind the guidelines for best 
evidence‐based clinical practice
Seminal trials have delineated the current recommendations on 
DAPT in patients with and without ACS [26–30]. The Clopidogrel 
for the Reduction of Events During Observation (CREDO) trial 
evaluated the benefit of long‐term (12‐month) treatment with the 
addition of clopidogrel to aspirin after elective PCI (65% had a 
recent MI or unstable angina) and found a significant 27% relative 
reduction in the combined risk of death, MI, or stroke in the 
c lopidogrel group [30].

The Clopidogrel in Unstable Angina to Prevent Recurrent Events 
(CURE) trial enrolled ACS patients without ST‐segment elevation 
to receive clopidogrel on top of aspirin for 3–12 months; the mean 

duration of treatment was 9 months. The primary outcome, a com
posite of death from cardiovascular causes, non‐fatal MI, or stroke, 
was relatively reduced at 20%. This benefit was driven by fewer MI 
in the clopidogrel group, while there was no isolated effect on car
diovascular death, and this came at the price of a 1.3‐fold increased 
risk of major bleeding [26].

In the CURE‐PCI trial, which investigated patients with ACS 
undergoing PCI and receiving aspirin, the addition of clopidogrel 
pretreatment followed by an 8‐month regimen led to a 31% reduction 
in cardiovascular death or MI compared with placebo. There was no 
isolated effect on mortality [28].

The CLARITY–TIMI 28 trial (Addition of Clopidogrel to 
Aspirin and Fibrinolytic Therapy for Myocardial Infarction with 
ST‐Segment Elevation) demonstrated that the addition of clopi
dogrel improved the patency rate of the infarct‐related artery and 
reduced ischemic complications at 30 days’ follow‐up in patients 
with STEMI and who were treated with aspirin and a standard 
fibrinolytic regimen [29].

The COMMIT trial demonstrated that in patients with acute MI, 
clopidogrel added to aspirin during hospital admission and up to 4 
weeks after the index event reduced both mortality and major vascu
lar events in hospital. In both trials, bleeding was not increased [27].

In the context of these guideline referenced trials, the American 
recommendation of DAPT for at least 12 months in patients with 
ACS undergoing PCI might seem arbitrary, as none of these trials 
specifically investigated the recommended 12 month DAPT dura
tion in an exclusive ACS population. Meanwhile, this recommenda
tion has been sustained for over a decade because of repeated 
reports of early DAPT discontinuation and ACS predicting late 
coronary stent thrombosis [8,9,31].

Conversely, the latest European guidelines on DAPT duration after 
implanting second generation stents in patients with stable coronary 
artery disease recommend a 6‐month DAPT duration [19], demon
strating the current controversy of differing needs for antiplatelet 
therapy for patients with ACS and those without the condition.

Parallels of stent technology evolution 
and shorter DAPT regimen
Randomized controlled trials (RCT) suggest that shorter durations 
of DAPT are safe with newer stent platforms. In a recent meta‐anal
ysis, the clinical impact of extended DAPT duration >12 months 
versus short DAPT duration (6 months) in all‐comer PCI with pre
dominantly second generation DES did not reduce ischemic events, 
but increased major bleeding [32], lending support to previous 
findings in patients with first generation DES [33,34].

This ongoing area of controversy was recently tested by 
Vahrenhorst et al. [35] in a prospective cohort of 56,440 unselected 
new‐onset and clopidogrel‐naïve patients with ACS (40% STEMI) 
from the SWEDEHART registry, predominantly treated with BMS. 
In extensively adjusted analyses, DAPT >6 months was associated 
with a 25% lower risk of all‐cause death, stroke, or reinfarction but 
more bleeding at 1 year compared with treatment for 6 months. 
Only event‐free patients within the first 6 months were considered. 
The demographics illustrated how contemporary treatment deci
sions are steered by patient comorbidities such as previous PCI, 
insulin‐treated diabetes, stent type, count and length, as well as 
atrial fibrillation, anticoagulant treatment, and bleeding risk. This 
study indicated that DAPT for >6 months in patients with ACS 
reduces ischemic endpoints irrespective of patient characteristics, 
supporting the current guidelines for ACS treatment [35].
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These results have to be interpreted in the light of two pivotal 
studies that were conducted in primarily non‐ACS patients treated 
with first generation stents, showing that the vast majority (up to 
80%) of definite or probable ST occur in the first 6 months after 
DES implantation and, additionally, the median time interval from 
thienopyridine therapy discontinuation to ST increases from sev
eral days to several months after the first 6 months, weakening the 
idea of a direct relationship between DAPT cessation and the 
occurrence of ST beyond 6 months after PCI [33,36].

DAPT cessation is traditionally classified using a binary, on–off 
approach that ignores the clinical reasons and underlying context in 
which antiplatelet treatment is discontinued. An alternative 
approach was recently offered by the PARIS (Patterns of Non‐
adherence to Anti‐platelet Regiments In Stented Patients) trial, 
classifying DAPT cessation according to the clinical circumstance 
of DAPT withdrawal, which directly influenced adverse cardiac 
outcome after stenting and was related to whether the patient dis
continued therapy by physician recommendation, interrupted for 
surgery, or disrupted because of non‐adherence or bleeding [37].

It is likely that the optimal duration of DAPT is the dependent on 
patient’s risk profile. To date, specific recommendations on DAPT 
duration according to risk subset have not been given in interna
tional guidelines; however, contemporary clinical practice undoubt
edly modifies duration of DAPT after PCI by risk profile assessment 
based on patient demographics and procedural characteristics.

high risk patients
The clinical practice of extended DAPT duration in high risk 
patients is based on landmark studies such as the CHARISMA 
(Clopidogrel for High Atherothrombotic Risk and Ischemic 
Stabilization, Management, and Avoidance) and CAPRIE 
(Clopidogrel versus Aspirin in Patients at Risk of Ischaemic Events) 
trials, in which only the subset of patients enrolled based on previ
ously documented coronary or peripheral atherosclerotic artery 
disease derived benefit of extended clopidogrel in terms of a reduc
tion in the composite of MI, stroke, or death from cardiovascular 
causes [38,39]. In addition, Eisenstein et al. [40] showed in a large 
observational study that event‐free patients at 6 and 12 months post 
PCI landmark analyses benefited from extended DAPT at up to 
2 years’ follow‐up.

In a more contemporary setting, the PEGASUS‐TIMI 54 study 
investigated the efficacy and safety of ticagrelor beyond 1 year after 
MI. In a double‐blind 1 : 1 : 1 fashion, 21,162 patients who had had 
an MI 1–3 years earlier, were randomly assigned to ticagrelor at a 
dose of 90 mg twice daily, ticagrelor at a dose of 60 mg twice daily, or 
placebo. All the patients were to receive low‐dose aspirin and were 
followed for a median of 33 months. The treatment with ticagrelor 
in both doses significantly reduced the risk of cardiovascular death, 
MI, or stroke but increased the risk of major bleeding [41].

This message was recently expanded to non‐high risk patients: 
the DAPT (Dual Antiplatelet Therapy) study enrolled all‐comer 
patients after they had undergone a coronary stent procedure in 
which a first generation DES was placed in over 30% of subjects. 
After 12 months of treatment with a thienopyridine drug (clopi
dogrel or prasugrel) and aspirin, patients were randomly assigned 
to continue receiving thienopyridine treatment or to receive pla
cebo for another 18 months. In almost 10,000 patients, DAPT 
beyond 1 year significantly reduced the risks of ST and major car
diovascular and cerebrovascular events but was associated with an 
increased risk of bleeding [42].

This is disputed in a randomized controlled trial by Lee et  al. 
[43], who reported that in event‐free patients at 12 months after 
PCI, predominantly with first generation DES (65%), an additional 
24 months of DAPT versus aspirin alone did not reduce the risk of 
the composite endpoint of death from cardiac causes, MI, or stroke.

The RESET Trial (REal Safety and Efficacy of 3‐month dual anti
platelet Therapy following Endeavor zotarolimus‐eluting stent 
implantation) [44] randomly assigned study participants to receive 
either the Endeavour zotarolimus stent followed by 3 months of 
DAPT or another currently available DES followed by 12 months of 
DAPT. The Endeavour zotarolimus + 3‐month DAPT regimen was 
non‐inferior to the standard therapy with respect to cardiovascular 
death, MI, stent thrombosis, TVR, or bleeding at 1 year. Importantly, 
there was no positive interaction for treatment effect by predefined 
subgroups, being diabetes mellitus (DM) but also >65 years of age, 
gender, ACS, congestive heart failure, stent length, multivessel dis
ease, and vessel diameter, all factors considered characteristics 
defining a high risk patient profile. These results indicate that in 
patients treated with second generation DES, DAPT duration is not 
influenced by risk profile, although the combined endpoint of 
ischemic and bleeding outcome and the limited power of the sub
group analyses have to be kept in mind.

Nevertheless, the Prolonging Dual Antiplatelet Treatment After 
Grading Stent‐Induced Intimal Hyperplasia Study (PRODIGY) 
confirmed the RESET results. A regimen of 24 months of clopi
dogrel therapy in patients who had received a balanced mixture of 
DES and BMS was not more effective than a 6‐month clopidogrel 
regimen in reducing the composite of death from any cause, MI, or 
stroke [45]. Again, these results were found to be consistent across 
risk subgroups of age (>65 years), ACS, and DM.

Baber et al. [46] recently showed that associations between either 
chronic kidney disease (CKD) or DM alone and high residual plate
let reactivity were attenuated after covariate adjustment while the 
odds for platelet reactivity associated with both CKD and DM 
remained significant with an approximate 2.5‐fold increased risk. 
Consequently, the presence of both CKD and DM seem to confer a 
synergistic impact on residual platelet reactivity when compared 
with either condition alone.

Whether more potent platelet inhibitors improve outcomes 
among patients with risk factors is controversial and warrants 
investigation.

In a prespecified subgroup analysis of the PCI‐CURE trial [21], 
the addition of clopidogrel to aspirin in patients with NSTE‐ACS 
undergoing PCI significantly reduced cardiovascular death or MI 
in non‐diabetic patients but had no beneficial effect in patients with 
diabetes. This finding could lead to the speculation that clopidogrel 
does not provide sufficient ischemic protection in patients with 
DM. In a prespecified substudy of the TRITON‐TIMI 38 trial [6], 
subjects with DM had a greater reduction in recurrent MI than 
patients without DM when treated with prasugrel compared to 
clopidogrel, without an observed increase in major bleeding. This 
implies that patients with DM could benefit from the more inten
sive antiplatelet effect provided by prasugrel [47]. Angiolillo 
et al.[48] confirmed these findings in patients with type 2 DM and 
CAD. Standard‐dose prasugrel was associated with greater platelet 
inhibition during both the loading and maintenance periods when 
compared with double‐dose clopidogrel [22]. Conversely, in the 
PLATO trial, ticagrelor reduced ischemic events in patients with 
ACS in comparison with clopidogrel, irrespective of diabetic status, 
glycemic control, and insulin treatment [15]. Recently, a small, 
single center, open‐label study randomized 100 patients with DM 
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and undergoing PCI for an ACS to receive either prasugrel or tica
grelor. Platelet reactivity assessed between 6 and 18 hours post‐
loading dose with ticagrelor showed significantly lower platelet 
reactivity than prasugrel. Whether this signal of higher potency of 
ticagrelor could translate into a clinical benefit is unknown [23].

Hence, the clinical necessity of intensified platelet inhibition in 
patients with DM remains unclear and beneficial effects might be 
specific to the various P2Y12 compounds. Alternatively, the differ
ent findings of prasugrel and ticagrelor in diabetic populations 
could relate to variations in patient profiles. In fact, a recent clinical 
report suggests that higher on‐treatment platelet reactivity is preva
lent among obese patients, although the signal was confined to 
those who also had the metabolic syndrome [24]. Whether an 
increased body mass index (BMI) by itself is associated with platelet 
reactivity is controversial [25].

The matter of prolonged DAPT duration might be summarized 
as it was stated in the conclusion of a recent meta‐analysis. Findings 
were that short DAPT duration had overall lower rates of bleeding 
yet higher rates of ST compared with longer DAPT duration, with 
the latter effect being significantly attenuated with the use of second 
generation DES. There was a trend of higher all‐cause mortality, 
which was numerically higher with longer DAPT durations but 
without reaching statistical significance. Prolonging DAPT there
fore requires careful assessment of the trade‐off between ischemic 
and bleeding complications [49]. The recent DAPT study offers 
some insight into the mechanisms of increased all‐cause mortality 
with longer duration of DAPT [42]. While there was no significant 
difference between the randomized treatments (thienopyridine vs. 
placebo for 18 months after 1 year of treatment with clopidogrel or 
prasugrel and aspirin after DES) with respect to severe bleeding 
(GUSTO criteria) or with respect to fatal bleeding, non‐cardiovas
cular death was increased with prolonged DAPT treatment, in part 
explained by bleeding related non‐cardiovascular deaths caused by 
trauma [42].

DAPT duration in patients in need 
of surgery
The length of a planned DAPT regimen after PCI can influence or 
in some cases even postpone or inhibit other treatments needed 
by the patient.

Surgery is a frequent cause of DAPT cessation in patients follow
ing PCI, with approximately 5% of patients with stents undergoing 
cardiac or non‐cardiac surgery within the first year of PCI [50–52]. 
Surgery is associated with platelet activation [53] and coronary 
artery thrombus is a likely mechanism of peri‐operative MI [54], 
which in turn is the most common major vascular complication 
after surgery and independently associated with 30‐day mortality 
[55–57].

Nevertheless, there is ongoing controversy over the optimal tim
ing and peri‐operative strategy of oral antiplatelet treatment in 
patients undergoing both cardiac and non‐cardiac surgery. 
Currently, the ACCF/AHA/SCAI (American College of Cardiology 
Foundation/American Heart Association/Society for Cardiac 
Angiography and Interventions) guidelines regarding revasculari
zation before non‐cardiac surgery hold a IIa benefit > risk recom
mendation (level of evidence B) for balloon angioplasty or BMS 
implantation followed by 4–6 weeks of DAPT [20]. This grace 
period after BMS implantation relates to the increased thrombo
genicity in the immediate postoperative phase, inherent to the 
p rothrombotic effect of surgery. In the earlier days of coronary 

angioplasty with BMS, catastrophic outcomes of very elevated rates 
of death and MI, with ST accounting for most of the fatal events, 
were reported when patients underwent surgery within the first 2–5 
weeks [58,59], a timeframe that corresponds accurately with the 
4‐week period of vascular healing with complete stent strut cover
age after BMS implantation [60]. Since then, studies conducted in 
patients with first generation DES showed that non‐cardiac surgery 
within the first year after PCI was an independent predictor of 
adverse ischemic events. Rates were higher when surgery was per
formed within 6 months of PCI but stabilized thereafter [61,62], 
which, in comparison to BMS, was most likely a function of the 
delayed vessel healing because of the antiproliferative drugs eluted 
and the polymer coating in first generation DES implants [8,9,13].

Parallel results from recent stent trials indicate that a 3‐month 
grace period after PCI with second generation DES implantation is 
probably advisable before recommending interruption of DAPT for 
surgery [17,63].

In the event of surgery, guidelines hold a Class IIa recommenda
tion for discontinuation of DAPT, with continuous aspirin treat
ment if possible and restart of P2Y12 inhibitors in the immediate 
postoperative period. However, the level of evidence in support of 
this recommendation is scarce (level C), with the limited data avail
able relying on expert consensus [20]. The recent results from the 
large RCT POISE‐2 (PeriOperative ISchemic Evaluation‐2) have 
questioned this clinical practice, as the administration of aspirin 
(100 mg/day after a 200‐mg loading dose) before non‐cardiac sur
gery and throughout the early post‐surgical period had no signifi
cant effect on the rate of a composite of death or non‐fatal MI but 
increased the risk of major bleeding [64]. The American Society of 
Regional Anesthesia Guidelines for peri‐operative management of 
patients on antiplatelet therapy even recommends that all elective 
surgery after DES implantation should be postponed for 12 months 
[65]. Therefore, a tendency exists toward BMS implantation if 
s urgery is planned. In the event that elective surgery can be post
poned for 3 months, these guideline precautions might be unneces
sary and possibly even disadvantageous as the patient will not 
benefit from the lower revascularization rates of second generation 
DES over BMS [15].

Atrial fibrillation
It is estimated that 5–7% of patients undergoing PCI have atrial 
fibrillation (AF) [6]. Warfarin has been the standard of care for 
s everal decades and has been considered superior to DAPT in 
p reventing stroke and thromboembolism in patients with AF who 
do not undergo PCI [7]. Conversely, in patients in need of PCI, 
DAPT with aspirin and thienopyridine has been shown to be more 
beneficial in preventing ST than oral anticoagulation alone [66].

The current AHA guidelines on AF for patients undergoing PCI 
are non‐specific as they recommend “BMS may be considered to 
minimize the required duration of DAPT” and “It may be reasona
ble to use clopidogrel concurrently with OAC but without ASA” 
[67]. One European and one North American recent consensus 
paper state that triple therapy (TT) with warfarin, aspirin, and 
thienopyridine should be preferred for patients with AF undergo
ing PCI with stenting and CHADS2 > 1 [68,69]. The length of triple 
therapy in these patients is dependent on stent type and the assess
ment of ischemic and bleeding risk. After BMS implantation, TT 
should be limited to 1 month, 3 months after limus stents, and 
6  months after paclitaxel stents. For DES, warfarin plus either 
 clopidogrel or aspirin (100 mg) with concomitant proton pump 



440 PART II Interventional Pharmacology SECTION II Pharmacological Agents

inhibitor treatment should be continued for up to 12 months after 
PCI. Hereafter warfarin alone should be continued lifelong. It is well 
recognized that the benefits of TT come with a significant bleeding 
risk (threefold increase compared to warfarin monotherapy; five
fold increase compared to DAPT), which further increases with 
longer durations of TT [70,71]. In patients with high bleeding risk, 
the recommendation is to avoid DES altogether. However, with the 
recent results from pooled analyses from the RESULTE programs 
considering zotarolimus stents [63], the recommendation of avoid
ing DES implantation in patients with AF could be obsolete with 
the latest generation scaffolds and polymer coatings.

These consensus statements have recently been challenged by the 
WOEST trial which found that in patients undergoing PCI and on an 
anticoagulant (69% indication AF, 88% CHADS2 > 1), the use of 
clopidogrel without aspirin was associated with a significant reduc
tion in bleeding complications and no increase in the rate of throm
botic events compared to TT [72]. These results were confirmed by a 
recent Danish nationwide retrospective study based on dispensed 
drug prescriptions in patients with AF hospitalized with an MI and/
or undergoing PCI, in whom oral anticoagulants and clopidogrel was 
equal or better than TT on both benefit and safety outcomes [73].

Future directives
Several large RCTs studying the duration of DAPT after PCI are 
currently enrolling. The Ticagrelor With Aspirin or Alone in High‐
Risk Patients After Coronary Intervention (TWILIGHT) trial has 
the primary objective to determine in 9000 patients undergoing 
PCI the impact of antiplatelet monotherapy with ticagrelor alone 
versus DAPT with ticagrelor plus aspirin for 12 months in reducing 
clinically relevant bleeding (efficacy) among high risk patients 
undergoing PCI who have completed a 3‐month course of aspirin 
plus ticagrelor (NCT02270242). An upcoming trial is the Short 
Duration of Dual antiplatElet Therapy With SyNergy II Stent in 
Patients Older Than 75 Years Undergoing Percutaneous Coronary 
Revascularization (SENIOR) study in patients with stable angina, 
silent ischemia (1 month DAPT), or ACS (6 months DAPT) 
(NCT02099617).

Finding the right balance in patients with AF undergoing PCI, 
which minimizes bleeding risk and maintains anti‐ischemic effi
cacy, remains a complex and controversial clinical dilemma in 
these unique patients. The arrival of novel antiplatelet agents and 
anticoagulants on the scene has led to an exponential increase in 
the combinations that can be employed by clinicians in real‐life 
situations. At present, four approved oral anticoagulant options for 
AF (vitamin K antagonist, dabigatran, rivaroxaban, and apixaban) 
and edoxaban (imminent approval awaited), as well as four com
monly used oral antiplatelet options (aspirin, clopidogrel, ticagre
lor, prasugrel). There is little evidence on this topic and currently 
the PIONEER‐AF trial is enrolling patients with AF undergoing 
PCI, randomizing participants to rivaroxaban 2.5 mg twice 
daily + one P2Y12 inhibitor, rivaroxaban 15 mg once daily + one 
P2Y12 inhibitor, or vitamin K antagonist (VKA) + one P2Y12 
inhibitor and aspirin (PIONEER‐AF; NCT01830543), with an 
inclusion period projected to run until July 2015. A trial with dabi
gatran (RE‐DUAL PCI) is on the horizon, planning to randomize 
participants to either Pradaxa 110 mg twice daily + APT, Pradaxa 
150 mg twice daily + APT or VKA + DAPT. The sheer number of 
combinations means that the best APT and anticoagulant combina
tion and duration based on solid randomized data will not be 
known for many years.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Dual antiplatelet therapy (DAPT), comprising aspirin and a P2Y12‐
receptor antagonist, is recommended following stent implantation 
during percutaneous coronary intervention (PCI), by European 
[1,2] and North American [3,4] guidelines. Although DAPT effica
ciously improves peri‐ and post‐procedural outcomes, a significant 
proportion of patients experience stent thrombosis, reinfarction, 
and cardiac‐related death [5]. In order to further improve patient 
outcomes, several studies have been conducted to determine the 
efficacy and safety of administering a further antithrombotic agent, 
such as an anticoagulant or an additional antiplatelet agent. 
However, such antithrombotic regimens can lead to an increased 
risk of bleeding. There remains a great deal of heterogeneity 
between studies, and so the clinical utility of such therapies is 
still debated.

Up to 10% of patients undergoing PCI also have a prior indica
tion for long‐term oral anticoagulation (OAC), such as atrial fibril
lation (AF) or a mechanical heart valve in situ. This proportion is 
set to rise markedly, because of the increasing prevalence of comor
bidity, AF, and valvular heart disease; a sequela of population aging 
[6–11]. Although vitamin K antagonists (VKAs; e.g., warfarin) 
remain the mainstay of OAC, novel non‐vitamin K antagonist oral 
anticoagulants (NOACs; e.g., apixaban, rivaroxaban and dabi
gatran) have been developed with potentially advantageous 
 pharmacologic properties and improved safety profiles [12]. 
Conventional wisdom has held that co‐administration of DAPT 
and OAC (triple antithrombotic therapy; TATT) significantly 
reduces thromboembolic events, at the expense of increased major 
bleeding. Because of the narrow margin between the risks and ben
efits of triple therapy regimens, it is imperative that such strategies 
are evidence‐based and patient‐centered, and balance the thrombo
embolic and hemorrhagic risk factors of the patient [13]. Recent 
randomized and observational evidence has emerged to offer 
insight into the net benefits and risks of this strategy, in the settings 
of PCI and acute coronary syndrome (ACS), and has led to changes 
to best practice guidelines [14,15].

This chapter reviews the safety and efficacy of triple antiplatelet 
and antithrombotic regimens, following PCI. It examines the pre
liminary data regarding novel oral anticoagulants, summarizes the 
latest evidence‐based clinical guidelines, and addresses questions 

that remain unanswered regarding the optimal clinical use of such 
antithrombotic regimens.

Methods
A series of structured searches of major biomedical databases 
(PubMed, Medline, Embase, and Web of Science) were performed, 
using the key terms; “triple therapy,” “percutaneous coronary inter-
vention,” “stent implantation,” “antiplatelet,” “anticoagulation,” and 
“novel anticoagulant agents.” Only articles published in English, 
between 1950 and 2014, were included. This is a synthesis of all 
available clinical data regarding TATT following PCI.

Platelet activation and the 
pathophysiology of arterial thrombosis
The primary trigger of intra‐arterial thrombosis is rupture of a 
 vulnerable atherosclerotic plaque, which develops from the 
 progressive accumulation of lipid‐laden macrophages in the arterial 
wall. Following rupture, platelet recruitment occurs via the interac
tion of cell‐surface receptors (e.g., glycoprotein VI) with collagen 
and von Willebrand factor. Following platelet adhesion to the vessel 
wall, adenosine diphosphate (ADP; P2Y1 and P2Y12) and glycopro
tein IIb/IIIa (GP IIb/IIIa) receptor‐mediated binding of additional 
platelets occurs, causing aggregation. Degranulation of a cocktail of 
pro‐inflammatory mediators from the platelet releases thrombox
ane A2 (TxA2) and adenosine diphosphate (ADP) which, in turn, 
propagate further activation. Simultaneously, tissue factor exposed 
from the denuded plaque activates the clotting cascade via the 
extrinsic pathway, activating factor VII. This sequentially activates 
factor X, V, and the final common pathway, activating thrombin. 
Thrombin cleaves soluble fibrinogen to fibrin monomers, which 
polymerize to form an insoluble meshwork in which platelets and 
red blood cells become trapped and so a thrombus is formed. 
Thrombin interacts with platelets at protease‐activated receptors 
(e.g., PAR‐1) to further enhance degranulation, perpetuating fur
ther platelet activation. Thus, arterial thrombosis is dependent on 
activation of both platelets and the clotting cascade; pharmacother
apeutic strategies targeting these pathways are critical in preventing 
adverse outcomes following PCI.

Triple Antiplatelet Therapy and Combinations 
with Oral Anticoagulants After PCI

Jonathan A. Batty1,2, Joseph R. Dunford1, Roxana Mehran3, and Vijay Kunadian1,4

1 Institute of Cellular Medicine, Newcastle University, Newcastle upon Tyne, UK
2 The Royal Victoria Infirmary, Newcastle upon Tyne NHS Foundation Trust, Newcastle upon Tyne, UK
3 Department of Cardiology, Mount Sinai Medical Center, New York, NY, USA
4 Freeman Hospital, Newcastle upon Tyne Hospital NHS Foundation Trust, Newcastle upon Tyne, UK

ChAPTer 46



444 Part II Interventional Pharmacology SectIon II Pharmacological agents

Mechanisms of antithrombotic 
pharmacotherapy
Antithrombotic drugs are classified in two main categories: (i) anti
platelet agents, which act via inhibition of platelet recruitment, 
a dhesion, aggregation, or activation, and (ii) anticoagulant agents, 
which act via inhibition of critical components of the coagulation 
cascade. Aspirin is a ubiquitous, irreversible, non‐specific inhibitor 
of cyclo‐oxygenase (COX), abrogating downstream TxA2 production; 
clopidogrel, prasugrel, and ticagrelor act via antagonism of the ADP 
P2Y12 receptor. The traditional anticoagulants, such as warfarin, 
reduce vitamin K‐dependent clotting factor (II, VII, IX, and X) 
 synthesis, via inhibition of vitamin K epoxide reductase subunit C1 
(VKORC1). This impairs both the intrinsic and extrinsic clotting 
pathways. The NOACs directly act on critical components of the 
final common pathway of the coagulation cascade: apixaban, rivar
oxaban, and edoxaban inhibit free/platelet‐bound factor Xa (as oppo
sed to low molecular weight heparins and fondaparinux, which bind 
to Xa via antithrombin III). Dabigatran directly inhibits free/platelet‐
bound thrombin, abrogating the conversion of fibrinogen to fibrin.

Triple antiplatelet therapy following PCI
Phosphodiesterase‐3 inhibitors
Many randomized trials have evaluated the benefits and risks of 
cilostazol in addition to DAPT following PCI. The largest study 
randomized 1212 patients to receive either DAPT alone (aspirin 
and clopidogrel), or with the addition of cilostazol [16]. The addi
tion of cilostazol reduced the composite endpoint of major adverse 
cardiovascular events (MACE; cardiac death, non‐fatal myocardial 
infarction, stroke, or target vessel revascularization; 0.3 vs. 15.1%; 
p = 0.01), without increasing the risk of major bleeding (0.0 vs. 
0.2%; p = 0.50). To date, 10 further randomized controlled trials 
have assessed the incremental benefits of cilostazol, randomizing 
5096 patients to receive either DAPT (aspirin and clopidogrel) or 
triple antiplatelet therapy (TAPT; aspirin, clopidogrel, and cilosta
zol) following PCI [16–25]. Although the sample size of individual 
trials is relatively low (n = 84–1212 patients), with many reporting 
equivocal results, meta‐analysis demonstrates that cilostazol 
reduces MACE (odds ratio [OR] 0.56, 95% confidence intervals 
[CI] 0.47–0.68; p <0.00001), without increasing bleeding (OR 1.42, 
95% CI 0.52–3.85; p = 0.49) [26–29].

Registry studies of cilostazol‐treated patients have provided 
additional insights. The DECREASE registry (n = 3099) evaluated 
DAPT (aspirin and clopidogrel) versus TAPT (aspirin, clopidogrel, 
and cilostazol), reporting that TAPT was associated with reduced 
risk of subsequent MI (hazard ratio [HR] 0.23, 95% CI 0.08–0.70; 
p = 0.01) and stent thrombosis (HR 0.14, 95% CI 0.04–0.52; 
p = 0.004), with no differences in major hemorrhage (HR 0.97, 95% 
CI 0.44–2.12; p = 0.94) at 12 months [30]. However, no difference in 
mortality was observed (HR 0.76, 95% CI 0.40–1.45; p = 0.41). The 
COBIS‐II registry (n = 2756) evaluated TAPT versus DAPT in 
patients with coronary bifurcation lesions [31]. Although patients 
who received TAPT had more cardiovascular comorbidities, there 
were no significant differences in DAPT versus TAPT in terms of 
MI, stent thrombosis, mortality, or bleeding complications.

Despite these promising results, a study by Yang et al. [32] dem
onstrated that DAPT regimens containing the third‐generation 
thienopyridine prasugrel induced superior platelet inhibition com
pared to a TAPT regimen of aspirin, clopidogrel, and cilostazol 
(VerifyNow‐P2Y12 assay; 72.1 ± 12.2 vs. 57.5 ± 23.5, respectively; 
p = 0.020) [32]. Although clinical data are not presented, this 

highlights the complexity associated with comparing permutations 
of antiplatelet agents in higher order regimens. A subsequent 
meta‐analysis, which indirectly compares the efficacy of different 
DAPT regimens with cilostazol‐containing TAPT, reports that 
TAPT  significantly reduced MACE rate, compared with prasugrel‐ 
and  ticagrelor‐based DAPT (prasugrel: OR 0.70, 95% CI 0.56–0.87; 
p = 0.0012; ticagrelor: OR 0.67, 95% CI 0.55–0.83; p = 0.0003) [29]. 
Furthermore, TAPT with cilostazol did not increase the frequency 
of major bleeding (OR 1.42, 95% CI 0.52–3.85; p = 0.49) or overall 
bleeding (OR 1.16, 95% CI: 0.79–1.69; p = 0.45).

Glycoprotein IIb/IIIa inhibitors
The oral platelet GP IIb/IIIa inhibitors xemilofiban, orbofiban, and 
sibrafiban have undergone extensive phase 3 clinical trials [33–35]. 
The placebo‐controlled EXCITE trial evaluated xemilofiban 10 and 
20 mg, administered three times daily for 2 weeks, followed by twice‐
daily dosing, for up to 6 months following PCI, in 7232 patients [33]. 
All patients received aspirin therapy; patients receiving stents in the 
placebo group also received the first generation P2Y12‐receptor 
antagonist, ticlopidine. This trial failed to achieve reductions in its 
primary endpoint (a composite of death, recurrent MI, and revascu
larization), demonstrating no benefit of xemilofiban at 6 months at a 
10 mg (HR 1.03, 95% CI 0.86–1.23; p = 0.82) or 20 mg (HR 0.94, 95% 
CI 0.78–1.13; p = 0.36) dose. The OPUS‐TIMI 16 trial randomized 
10,302 patients presenting with ACS to either 50 mg orbofiban twice 
daily for 6 months, 50 mg orbofiban twice daily for 30 days followed 
by 30 mg twice daily for 5 months, or placebo [34]. All patients 
received aspirin therapy; placebo‐treated patients receiving stents 
received ticlopidine. OPUS‐TIMI was halted prematurely because of 
significantly increased mortality in the orbofiban arm (5.1 vs. 3.7% 
in the 50/30 mg orofiban‐treated vs. placebo‐treated group; 
p = 0.008). Bleeding was dose‐dependently higher in orofiban‐
treated patients, occurring in 2.0%, 3.7%, and 4.5% in the placebo, 
50/30, and 50/50 groups, respectively (p <0.0001). The SYMPHONY 
trial studied weight‐ creatinine‐individualized sibrafiban therapy 
versus aspirin in 9233 ACS patients [35]. The primary endpoint 
(death, reinfarction, or severe ischemia) did not differ between aspi
rin, low, or high dose sibrafiban‐treated patients, but major bleeding 
was more common in sibrafiban‐treated patients (OR 1.34, 95% CI 
1.05–1.71) compared to aspirin alone. Enrolment of second 
SYMPHONY, comparing low dose sibrafiban with aspirin, high dose 
sibrafiban without aspirin, or aspirin alone, was terminated prema
turely, following analysis of SYMPHONY [36]. In those randomized 
(6671 of a planned 9000 patients) a major bleeding risk was also 
observed in sibrafiban‐treated patients.

Each phase 3 oral GP IIb/IIIa inhibitor trial reported significant 
harms associated with such therapy. Subsequent meta‐analysis con
firmed this phenomenon, demonstrating significant excess mortality, 
regardless of aspirin co‐administration or dosage [37]. However, tri
als of intravenous GP IIb/IIIa inhibitors (abciximab, eptifibatide, and 
tirofiban) demonstrate significant benefits as adjuncts to PCI during 
the management of ACS, and stable CAD [38,39]. The unfavorable 
safety profile of oral agents precluded their usage in clinical practice.

Antiplatelet combinations with oral 
anticoagulants following PCI
Vitamin K antagonists
Although the beneficial effects of warfarin in reducing morality and 
preventing reinfarction post‐MI have been ascertained in several 
placebo‐controlled, randomized studies, these predate the 
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widespread implementation of mechanical reperfusion strategies 
and DAPT, and as such have uncertain relevance to contemporary 
practice [40,41]. In the context of multiagent regimens, a large 
meta‐analysis demonstrated that there was no mortality benefit 
associated with the routine co‐administration of warfarin and 
DAPT versus DAPT alone (OR 1.20, 95% CI 0.63–2.27; p = 0.56); 
reductions in the incidence of ischemic events (OR 0.29, 95% CI 
0.15–0.58; p = 0.0004) were counterbalanced by a twofold increased 
risk of bleeding (OR 2.00, 95% CI 1.41–2.83; p <0.0001) [42]. The 
use of OACs in combination with DAPT for specific, high risk 
patient groups, such as those with comorbid AF and in situ mechan
ical heart valves, is further evaluated in this chapter.

Non‐vitamin K antagonist oral 
anticoagulants
Direct thrombin inhibitors
Impelled by the advent of NOACs, renewed interest has emerged in 
routine combination antithrombotic therapy following PCI [43]. 
However, phase 3 clinical trials exploring the use of NOACs in AF 
systematically excluded patients with recent stent implantation, and 
conversely, recent trials of ACS management have excluded patients 
on novel anticoagulants. The placebo‐controlled, dose‐escalation 
RE‐DEEM study randomized 1861 patients with ACS to receive 
standard DAPT (aspirin and clopidogrel, or another thienopyri
dine) alone, or with dabigatran, following PCI [44]. Patients were 
randomized to receive placebo or dabigatran 50, 75, 110, or 150 mg 
(each twice daily). Although the study was not adequately powered 
to assess efficacy, because of multiple‐group comparisons and the 
small event rates within each group (1.7–3.8%), it was able to detect 
differences in major bleeding (the primary study outcome). A dose‐
dependent relationship with bleeding risk was robustly observed 
in  dabigatran‐treated patients, compared with placebo‐treated 
 controls (50 mg: HR 1.77, 95% CI 0.70–4.50; 75 mg: HR 2.17, 95% 
CI 0.88–5.31; 110 mg: HR 3.92, 95%CI 1.72–8.95; and 150 mg: HR 
4.27, 95% CI 1.86–9.81), with equivocal antithrombotic benefit.

Direct factor Xa inhibitors
The APPRAISE study randomized 1715 patients with ST‐elevation 
or non‐ST‐elevation MI to evaluate the incremental effects of apixa
ban in addition to DAPT [45]. Patients received placebo or apixa
ban 2.5 mg (twice daily), 10 mg (once daily), 10 mg (twice daily), or 
20 mg (once daily). The high dose groups (20 mg/day) were later 
discontinued, following early reports of excessive clinically signifi
cant bleeding among patients receiving these regimens (7.8% and 
7.3% of patients administered 10 mg twice daily and 20 mg once 
daily, respectively). Among patients receiving the lower dose regi
mens, the risk of clinically significant bleeding remained greater 
than that of placebo‐treated controls (2.5 mg twice daily: HR 1.78, 
95% CI 0.91–3.48; p = 0.09; 10 mg once daily: HR 2.45, 95% CI 
1.31–4.61; p = 0.005). The apixaban‐treated groups experienced a 
reduced rate of further cardiovascular events compared to the pla
cebo‐treated group (2.5 mg twice daily: HR 0.73, 95% CI 0.19–0.56; 
10 mg once daily: HR 0.61, 95% CI 0.04–0.65). However, the 
observed increase in bleeding risk was more pronounced, and 
reductions in ischemic events less evident, in patients taking aspirin 
plus clopidogrel, compared to those taking aspirin alone. 
Subsequently, the APPRAISE‐2 trial was prematurely terminated 
following recruitment of 7392 (of target enrolment of 10,848) 
patients, randomized to receive 5 mg twice daily apixaban (based on 
the optimal dosing profile identified in APPRAISE) or placebo, in 

addition to aspirin and a P2Y12‐receptor antagonist [46]. Significant 
increases in major bleeding were observed with apixaban treatment 
compared to the control group (HR 2.59, 95% CI 1.50–4.46; 
p = 0.001). During apixaban therapy, a greater number of these epi
sodes were intracranial or fatal, compared to placebo. No differ
ences in the rates of MACE were observed (7.9 vs. 7.5%, respectively; 
p = 0.51), at 8 months’ follow‐up. These data indicate that the use of 
apixaban, even at the 5 mg dose determined in APPRAISE to offer 
the greatest risk–benefit profile, increased major hemorrhage, with
out reducing incident cardiovascular events. Although the authors 
suggest the inclusion of patients with extensive comorbidities, such 
as advanced age, diabetes mellitus, heart failure, and renal impair
ment, could have increased the rate of bleeding, these factors were 
distributed equally throughout both groups, and should not have 
deleteriously impacted upon outcomes.

The ATLAS‐ACS‐TIMI 46 study aimed to identify the optimal 
dosage regimen of rivaroxaban, in ACS patients receiving aspirin 
with or without a thienopyridine [47]. This trial randomized 3491 
patients (2730 on DAPT) to either a receive placebo, or rivaroxa
ban at daily doses of 5, 10, 15, and 20 mg, administered in a single 
or divided doses. This study reported a daily dose‐dependent, 
increased risk of clinically significant bleeding with rivaroxaban 
versus placebo (5 mg: HR 2.21, 95% CI 1.25–3.91; 10 mg: HR 3.35, 
95% CI 2.31–4.87; 15 mg: HR 3.60, 95% CI 2.32–5.58; and 20 mg: 
HR 5.06, 95% CI 3.45–7.42; p <0.0001). However, rivaroxaban 
treatment efficaciously reduced mortality and MACE, compared 
with placebo (doses combined: HR 0.69, 95% CI 0.50–0.96; 
p = 0.027). Twice daily rivaroxaban 2.5 and 5 mg achieved the 
optimum balance between minimization of bleeding risk, and 
maximization of benefit. The phase III ATLAS‐ACS‐2‐TIMI‐51 
study then randomized 15,526 patients to either placebo, twice 
daily rivaroxaban 2.5 or 5 mg (in addition to aspirin and a thieno
pyridine) [48]. At 13 months’ follow‐up, rivaroxaban therapy 
reduced the risk of a composite endpoint of MI, stroke, and death 
(doses combined: HR 0.84, 95% CI 0.74–0.96; p = 0.008), with 
greater risk reductions amongst those receiving twice daily 5 mg 
compared with twice daily 2.5 mg dosage (8.8% vs. 9.1%). 
Although rivaroxaban was associated with an increased risk of 
major bleeding (doses combined: HR 3.96, 95% CI 2.46–6.38; 
p  <0.001), fatal hemorrhage remained equal (HR 1.19, 95% CI 
0.54–2.59; p = 0.66). Thus, rivaroxaban may represent a useful 
adjunct to DAPT following PCI.

Although development was later discontinued, the efficacy of 
darexaban was evaluated in a multicenter, double‐blind, rand
omized trial, RUBY‐1 [49]. This trial randomized 1279 patients 
with ACS to receive one of six darexaban regimens (10–60 mg/day, 
in once‐only or divided dose regimens) or placebo, in addition to 
DAPT. At 6 weeks’ follow‐up, darexaban was associated a signifi
cant dose‐dependent risk of bleeding (overall HR 2.28, 95% CI 
1.13–4.60; p = 0.022). Although underpowered to definitively 
 provide insight into clinical efficacy, no differences in mortality or 
adverse cardiac events were noted between the darexaban and 
 placebo‐treated groups.

A meta‐analysis of seven phase 2 and 3 studies of NOACs in ACS 
(n = 30,866; 26,731 on DAPT) demonstrates that the addition of a 
NOAC to standard therapy, as indicated, reduced the incidence of 
MACE (HR 0.87, 95% CI 0.80–0.95), but doubled the risk of signifi
cant bleeding (HR 2.34, 95% CI 2.06–2.66) [50]. The analyses were 
robust; with low interstudy heterogeneity, and equivalent outcomes 
when limited to phase 3 studies. Thus, the results of this meta‐analysis, 
in line with the individual trials, demonstrate that while NOACs 
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can offer incremental efficacy over DAPT regimens, this may 
be outweighed by associated excess bleeding.

Achieving improved outcomes following 
PCI: a role for a third agent?
At present, insufficient evidence of an acceptable risk–benefit bal
ance exists to recommend the routine use of a third antithrombotic 
agent in the post‐PCI setting [1,3,4,51]. The addition of cilostazol 
to present TAPT regimens may be associated with improved out
comes, particularly for patients known to be at high risk of recur
rent adverse events following PCI [52,53]. However, limited 
evidence of benefits on absolute endpoints and uncertain efficacy 
in comparison to contemporary DAPT regimens have precluded 
the inclusion of cilostazol in guidelines. Although the use of intra
venous GP IIb/IIIa inhibitors has become the standard of care for 
certain patients during revascularization, the adverse safety profile 
of oral agents precludes their further development as adjunct to 
DAPT. The routine administration of OACs with DAPT remains 
controversial; any antithrombotic benefits of VKAs are counterbal
anced by increased risk of hemorrhage and pragmatic limitations 
associated with maintaining therapeutic anticoagulation. Although 
early evidence suggests NOACs can reduce the risk of post‐ 
procedure adverse cardiovascular events, a significant risk of 
 bleeding, high cost, and difficulties in reversal limits routine 
administration. As such, DAPT remains the mainstay of treatment 
following ACS. The routine use of additional antithrombotic agents 
poses sig nificant risks, without proven benefit. Antithrombotic 
regimens should be reserved for specific cases, in which there is 
proven clinical benefit.

Triple antithrombotic therapy following 
PCI with prior indications for OAC
Vitamin K antagonists
As a consequence of population aging, an increasing number of 
patients presenting for PCI have comorbid indications for long‐
term OAC, such as AF, in situ mechanical heart valves, or intramu
ral thrombus [54]. However, in AF, it remains challenging to 
identify patients who would benefit from long‐term OAC. The 
CHADS2 (congestive heart failure, hypertension, age over 75 years, 
diabetes mellitus, and transient ischemic attack or stroke) and 
CHA2DS2‐VASc (CHADS2 factors, vascular disease, age over 65 years, 
and female sex) tools aid clinicians in making recommendations 
regarding the appropriateness of OAC [55,56]. Each factor scores 
one, apart from those indicated with subscript characters. 
A  CHADS2 or CHA2DS2‐VASc score ≥1 should prompt consi
deration of OAC (antithromboembolic benefits outweigh risk of 
 hemorrhage). The HAS‐BLED (hypertension, abnormal renal/liver 
function, stroke, bleeding predisposition, labile international nor
malized ratio [INR], elderly, and drug history) score is used to 
ascertain bleeding risk; scores ≥3 indicate high risk of bleeding, and 
suggest caution when considering OAC [57]. HAS‐BLED also has 
clinical utility in combination with antithrombotic regimens, pre
dicting bleeding risk with moderate accuracy during combination 
antithrombotic pharmacotherapy. The development and validation 
of further scores may better guide decisions regarding the use of 
novel antithrombotic regimens following PCI.

For patients who have prior indications for both OAC and 
undergo PCI, the most common therapeutic regimen consists of 
warfarin, aspirin, and a thienopyridine (OAC + DAPT). However, is 

such a strategy rigorously evidence‐based? A retrospective, nation
wide study (n = 11,480), demonstrates that patients treated with 
warfarin, aspirin, and clopidogrel are at increased risk of spontane
ous (and fatal) hemorrhage, compared to patients treated with 
DAPT alone (10.2 vs. 3.2; p = 0.01) [58]. Outcomes are compared in 
patients treated with: (i) all agents (n = 1,495), (ii) warfarin plus 
either aspirin (n = 1,310) or clopidogrel (n = 527), (iii) aspirin and 
clopidogrel (n = 3144), and (iv) antiplatelet or anticoagulant mono
therapy (n = 5004). Patients receiving OAC + DAPT had high rates 
of clinically significant bleeding during the first 30 days (22.6 per 
100 patient‐years), reducing over 2 months (20.2), to approximately 
half at 3 months (10.7), indicating no safe therapeutic window 
exists. The bleeding risk in patients receiving DAPT + OAC 
remained greater than a single antiplatelet agent and OAC, at 
3 months (HR 1.47, 95% CI 1.04–2.08) and 1 year (HR 1.36, 95% CI 
0.95–1.95). Notably, no significant difference in thromboembolic 
risk was observed for DAPT + OAC versus a single antiplatelet 
agent and OAC (HR 1.15, 95% CI 0.95–1.40), calling into question 
the use of multiple antiplatelet agents. The findings of multiple, 
small, observational studies with regard to bleeding risk are in 
agreement. Rogacka et  al. [59] also noted that amongst patients 
receiving DAPT + OAC following PCI (n = 127), most bleeding 
(67%) occurs within the first month. The AVIATOR registry pro
spectively followed 425 patients with AF receiving PCI because of 
ACS. On discharge, patients received OAC + DAPT (n = 185), or 
DAPT (n = 240; aspirin and clopidogrel) [60]. At 1 year, the risk of 
MACE was similar in both groups (14% vs. 16%, HR 0.90; p = 0.78), 
although the risk of bleeding was greater in those receiving 
OAC + DAPT (13% vs. 6%; HR 2.05; p = 0.03). Yu et al. [61] report a 
contemporary cohort of n = 367 patients with AF undergoing drug‐
eluting stent implantation; 154 received OAC + DAPT, 213 received 
DAPT alone. At 2 years, the OAC + DAPT group experienced a 
greater rate of major bleeding (16.7% vs. 4.6%; p <0.001), without 
significant increases in MACE (22.1% vs. 17.7%; p = 0.31).

Although informative observational studies are limited by selec
tion bias, and the lack of a control group, precluding definitive con
clusions regarding the safety and efficacy of triple antithrombotic 
therapy in patients at risk of thromboembolism, further interven
tional studies were required. The seminal WOEST trial randomized 
573 patients receiving OAC and undergoing PCI, to receive either 
clopidogrel alone, or with aspirin, in addition to their pre‐existing 
VKA, using an open‐label design [62]. PCI was primarily elective; 
drug‐eluting stents were used in 65% of cases. AF (with CHADS2 ≥ 1) 
was the most frequent indication for anticoagulation. At 1 year, 
bleeding was significantly less in patients receiving OAC plus clopi
dogrel, compared with those receiving OAC + DAPT (HR 0.36, 95% 
CI 0.26–0.50; p <0.0001). Although inadequately powered to dem
onstrate non‐inferiority, the absolute MACE rate was lower with 
OAC plus clopidogrel versus OAC + DAPT (11.1% vs. 17.6%, HR 
0.60, 95% CI 0.38–0.94; p = 0.025). Thus, the removal of aspirin sig
nificantly reduces the risk of bleeding by more than 50%, without 
increases in MACE. The authors hypothesize that inhibition of 
thrombin (factor IIa; a powerful platelet activator) with VKA OACs, 
and the P2Y12 receptor (which has a major role in amplifying the 
effects of TxA2) with clopidogrel, reduces the importance of COX 
inhibition in the protection against thromboembolic events.

The findings of WOEST were supported by the observational 
data in the Danish National Registry, which included 12,165 
patients with AF, receiving multiple antithrombotic regimens fol
lowing PCI [63]. At 1 year, no increased risk of MACE was observed 
for OAC plus clopidogrel in comparison to OAC + DAPT (HR 0.69, 
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95% CI 0.48–1.00), OAC plus aspirin (HR 0.96, 95% CI 0.77–1.19) 
or aspirin plus clopidogrel (HR 1.17, 95% CI 0.96–1.42), support
ing the notion that OAC plus clopidogrel reduces MACE to an 
equivalent extent as OAC + DAPT. The bleeding risk for OAC 
plus  clopidogrel was lower than for OAC + DAPT, albeit non‐ 
significantly (HR 0.78, 95% CI 0.55–1.12). There was a similar rate 
of all‐cause mortality in OAC plus clopidogrel and OAC + DAPT, 
but greater rates for OAC plus aspirin, and DAPT alone. Thus, the 
Danish  registry is the second major study to suggest the lack of 
efficacy of aspirin in antithrombotic regimens with OAC and 
clopidogrel.

Further observational studies have confirmed the safety and effi
cacy of OAC plus clopidogrel following PCI in patients with AF. 
Seivani et al. [64] report a registry of 221 patients receiving prior 
OAC and different antithrombotic regimens, following drug‐eluting 
stent implantation. Patients received 6–12 months of clopidogrel 
therapy, followed by OAC monotherapy alone. The combination of 
OAC and clopidogrel was safe and efficacious; however, a sharp rise 
in MACE following clopidogrel cessation was noted, particularly in 
patients with sub‐therapeutic anticoagulation. More recently, the 
non‐randomized prospective AFCAS registry followed 975 patients 

receiving DAPT, OAC + DAPT and OAC plus clopidogrel, in order 
to evaluate clinical safety and efficacy [65]. However, at 1 year, no 
significant intergroup differences in terms of occurrence of MACE, 
or frequency of bleeding, in both crude and propensity score‐
adjusted analysis, were observed.

Further insights into the risks associated with the inclusion of 
aspirin arose from the CORONOR registry, which prospectively 
enrolled 4184 patients with stable CAD, with no MI or revasculari
zation for 1 year before enrolment [66]. Although the majority 
received antiplatelet monotherapy (n = 2798), a significant propor
tion received DAPT (aspirin and clopidogrel; n = 861) or an OAC 
(n = 461). Among these, 342 patients received VKA and an anti
platelet agent (aspirin, n = 308; clopidogrel, n = 34). At 2 years, the 
use of a VKA was not associated with significantly increased risk of 
bleeding (HR 1.69, 95% CI 0.39–7.30); however, this was highly 
 significant in those receiving aspirin concomitantly (HR 7.30, 95% 
CI 3.91–13). This study extends the insights of WOEST into the 
excess risk associated with the inclusion of aspirin in multiple 
antithrombotic regimens. Figure  46.1 summarizes the evidence 
regarding combinations of antithrombotic agents, in patients with 
AF undergoing PCI.

Clopidogrel
Reduces risk of stent

thrombosis and recurrent
cardiac events in patients

following ACS and PCI

Vitamin K antagonists (VKAs;
e.g., warfarin)

Reduces risk of thromboembolic events
(e.g., stroke) in patients with AF

VKA + aspirin
Increased risk of MACCE

and stent
thrombosis

VKA +
aspirin +

clopidogrel
Increased risk of major

bleeding events; reduced
MACCE and death

Aspirin + clopidogrel
Increased rate of MACCE and

cardiovascular mortality

Aspirin
Reduces risk of stent

thrombosis and recurrent
cardiac events in patients

following ACS and PCI

Non-vitamin K antagonist oral anticoagulants
(NOACs; e.g., dabigatran)

Reduces risk of thromboembolic events
(e.g., stroke) in patients with AF

NOAC+ aspirin +
clopidogrel

Increased major bleeding
events; reduced

MACCE and
death 

NOAC
+ aspirin

Risks uncertain;
little substantive
clinical evidence

NOAC +
clopidogrel

Risks uncertain;
little substantive
clinical evidence

VKA + clopidogrel
Reduced major bleeding

complications, no
increase in 1 y

MACCE

Figure 46.1 A summary of the risks and benefits of different combinations of antithrombotic agents for patients with indications for both oral 
anticoagulation and dual antiplatelet therapy. For patients with AF whom undergo PCI, the number of possible combinations of antiplatelet 
agents is significant. This modified Venn diagram briefly summarizes the clinical evidence regarding each regimen. Antithrombotic combinations 
for patients with indications for an anticoagulant following PCI for ACS recommended by the ESC/ACC are dependent on bleeding and stroke 
risk, but include initial triple antithrombotic therapy with OAC (VKA or NOAC) + aspirin + clopidogrel, followed by OAC (VKA or NOAC) + 
clopidogrel (for up to 12 months post‐procedure), and life‐long OAC (VKA or NOAC). AF, atrial fibrillation; MACCE, major adverse cardiac and 
cerebrovascular events; MI, myocardial infarction; NOAC, non‐vitamin K antagonist oral anticoagulants; OAC, oral anticoagulants; PCI, 
percutaneous coronary intervention; VKA, vitamin K antagonists; y, year.
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Until recently, significant uncertainty prevailed regarding the 
optimal length for OAC + DAPT therapy following stent implan
tation. The recent ISAR‐TRIPLE trial randomized 614 patients 
to  either a 6‐week or 6‐month OAC + DAPT therapy regimen, 
 following drug‐eluting stent implantation [67]. Aspirin and 
OAC were continued indefinitely; only the duration of clopidogrel 
therapy changed. At 9 months’ follow‐up, no difference was noted 
in composite clinical outcomes between groups (9.8% vs. 8.8%, 
HR 1.14, 95% CI 0.68–1.91; p = 0.63). Thus, shortening the dura
tion of OAC + DAPT neither reduced major bleeding (p = 0.44), 
nor increased the incidence of ischemic events (p = 0.87), and 
appears safe.

Non‐vitamin K antagonist oral anticoagulants
Given the non‐inferior clinical efficacy, favorable safety profile, and 
numerous pragmatic benefits of NOACs, co‐administration with 
DAPT could represent an advantage over VKAs among patients 
requiring triple antithrombotic therapy. Several studies explored the 
role of the NOACs in this context. The RE‐LY trial evaluated 18,113 
patients with AF who were administered either warfarin (according 
to INR), or dabigatran (110 or 150 mg, twice daily) [68]. Post hoc sub
group analysis of patients co‐administered antiplatelet therapy at 
baseline (n = 6952) has been performed. Of these, 5789 received aspi
rin monotherapy, 351 received clopidogrel monotherapy, and 812 
received DAPT [69]. Patients receiving concurrent low dose dabi
gatran and antiplatelet agents had a reduced risk of bleeding, com
pared with patients administered warfarin and antiplatelet agents 
(HR 0.82, 95% CI 0.67–1.00), despite a similar risk of cerebrovascular 
and systemic embolism (HR 0.93, 95% CI 0.70–1.25). Patients receiv
ing high dose dabigatran were at similar risk of bleeding and embo
lism compared with warfarin (HR 0.93, 95% CI 0.76–1.12 and HR 
0.80, 95% CI 0.59–1.08, respectively). This suggests that low dose 
dabigatran represents an alternative therapeutic option to warfarin, 
with equivocal thromboembolic benefits, and reduced bleeding risk.

In the ATLAS studies, and the first APPRAISE trial, an indica
tion for ongoing anticoagulation was amongst the exclusion crite
ria, and so the safety of apixaban and rivaroxaban was not evaluated 
amongst patients with AF; however, the doses used in these studies 
were previously demonstrated to provide effective thromboprophy
laxis for patients with AF [70,71], suggesting that in this setting 
TATT with these drugs could have a role. However, further study is 
clearly needed.

Clinical guidelines: DAPT in combination 
with OAC in AF
European Joint Society guidelines address issues associated with 
managing patients with AF who require treatment for ACS [72,73]. 
These provide detailed recommendations on the evidence‐based 
optimal management strategy, based on the nature of the stent used 
during PCI, and achieving an equilibrium between risk factors 
associated with bleeding, reinfarction, stent thrombosis, and 
adverse cardiac, cerebrovascular, and thromboembolic events. 
Updated in 2014 (Table 46.1) [73] to reflect the clinical evidence 
that has emerged since the 2010 version [72], these guidelines 
emphasize formal assessment of hemorrhagic risk (i.e., using the 
HAS‐BLED score) and stroke risk (CHA2DS2‐VASC), and vary 
depending on the setting of PCI (stable CAD or ACS). For example, 
in patients with a low baseline bleeding risk (HAS‐BLED 0‐2), and 
significant risk of stroke (CHA2DS2‐VASC ≥2), undergoing elective 
PCI, at least 4 weeks (and no longer than 6 months) of OAC + DAPT, 

followed by OAC and clopidogrel alone until 12 months post‐ 
procedure, and lifelong OAC thereafter. These guidelines no longer 
differ between drug‐eluting and bare metal stents. Furthermore, 
European ACS guidelines [1,2] do not advocate routine post‐ 
procedural oral anticoagulant therapy, except when a specific indi
cation exists (AF, mechanical valve, or left ventricular thrombus). 
In such patients, the guidelines advocate that triple antithrombotic 
therapy should be continued for the minimal possible time (to 
reduce bleeding risk), until stent endothelialization is complete. 
Importantly, while long‐term OAC is to be used in conjunction 
with DAPT, the target INR should be reduced, to 2.0–2.5. For 
patients at high risk of gastrointestinal bleeds, gastric protection 
(i.e., a proton pump inhibitor) should be initiated.

North American guidelines are largely in line with their European 
counterparts [74,75]. Updated in 2014, guidance from the American 
Joint Societies regarding PCI in patients with AF advocate consid
eration of BMS implantation to minimize the duration of 
OAC + DAPT. For patients at high risk of stroke (CHA2DS2‐VASc 
≥2), the use of OAC + DAPT is advocated for either 1 or 3–6 
months, depending on the type of the stent, followed by an OAC 
and clopidogrel (but without aspirin) until 12 months post‐ 
procedure. Following 12 months of antiplatelet therapy, antiplatelet 
therapy should be stopped, and OAC continued, as required. If the 
stroke risk is low (CHA2DS2‐VASc 0–1) DAPT is recommended for 
12 months, before returning to regular AF treatment. The target 
INR should remain at 2.0–3.0 (Table 46.2).

Though the European and American guidelines differ in how 
they stratify patients for antithrombotic therapy (European by 
bleeding and stroke risk, and clinical setting of PCI; American by 
stroke risk and the nature of the implanted stent), both recommend 
a role for triple therapy in certain patient subgroups, in the early 
period following PCI. Although no robust guidelines exist regard
ing the role of triple anticoagulant therapy for other indications 
(i.e., mechanical valve prostheses, intramural thrombus, or DVT) 
the AF guidelines should translate to such cases, as bleeding risk 
remains clinically determinable.

Unanswered questions and future 
perspectives
A significant number of questions remain unanswered considering 
the efficacy of TAPT and the use of OAC following PCI. Many of 
the trials occurred before contemporary proton pump inhibitor 
(PPI) therapy was routinely recommended as the standard of care 
with DAPT, efficaciously reducing major gastrointestinal bleeding 
[76]. Although studies have reported that combining the PPI ome
prazole and clopidogrel can lead to diminished antiplatelet efficacy, 
via impairment of the formation of the active metabolite of clopi
dogrel, this has not had reported clinical consequences [77,78]. The 
COGENT trial randomized 3873 75 mg clopidogrel‐treated ACS 
patients to receive either omeprazole 20 mg or placebo [79]. The 
addition of omeprazole proved superior to placebo in reducing the 
rate of overt gastrointestinal bleeding (HR 0.13, 95% CI 0.03–0.56; 
p = 0.001), with no significant differences in the risk of adverse car
diovascular events (HR 0.99, 95% CI 0.68–1.44; p = 0.96). 
Subsequent reports have advocated that PPI should be encouraged 
during multiple antiplatelet pharmacotherapy [78]. Indeed, such 
therapy can abrogate the risk of bleeding that has thus far precluded 
the addition of additional antithrombotic agents to DAPT regi
mens; further study, both in the form of new trials and post hoc 
analysis of completed trials, is warranted.
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Patients with AF requiring PCI tend to be of advanced age, and 
have high rates of comorbidity. Many are octogenarians, a group 
that is frequently under‐represented (or actively excluded from) 
randomized trials of antiplatelet and triple therapy. As such, it is 
uncertain whether present guidelines can be safely applied to this 
group. By definition, such patients will have a high CHA2DS2‐VASC 
score, in addition to a greater risk of bleeding when administered 
OACs. In this group, the importance of even minor bleeding should 
not be underestimated—even minor and non‐clinically significant 
bleeds can lead to poor compliance with, and discontinuation of, 
therapy, with the potential for catastrophic thrombotic and throm
boembolic complications. Thus, in addition to the routine inclusion 
of older patients in future studies, specific evaluation of approaches 
to the management of this challenging group are required.

Many further studies exploring the risks and benefits of triple 
antithrombotic therapy following PCI are presently ongoing with 

objectives relevant to this chapter, include the PIONEER AF‐PCI, 
RE‐DUAL PCI, MUSICA‐2, and LASER studies. The PIONEER 
AF‐PCI (NCT01830543) study is designed to evaluate rivaroxaban 
at two separate doses versus vitamin K antagonist anticoagulants, in 
addition to antiplatelet monotherapy, or various DAPT combina
tions. The projected enrolment is n = 2,169, and the study is sched
uled for completion in 2016. Similarly, the multicenter RE‐DUAL 
PCI study (NCT02164864) is designed to compare dabigatran at 
two dosage levels, plus a single, non‐aspirin oral antiplatelet versus 
warfarin plus DAPT, in patients with AF undergoing PCI. The trial 
has an a priori defined primary endpoint of death, MI, and stroke, 
hopes to recruit 8520 patients, and is expected to complete in 2017. 
The MUSICA‐2 trial (NCT01141153) is a smaller study, investigat
ing the safety and efficacy of the triple antithrombotic regimen of 
the vitamin K antagonist acenocoumarol, in addition to aspirin and 
clopidogrel in 304 patients, expected to report in 2016. A further 

Table 46.1 2014 ESC guidelines for the recommended antithrombotic strategies following PCI in patients with AF a moderate to high 
stroke risk.

Bleeding risk
(HAS‐BLED)

Stroke risk
(CHA2DS2‐VASC)

Clinical 
setting Treatment recommendation

Evidence 
class/level

Low or moderate
(0–2)

Moderate (1 in 
males)

Stable CAD ≥4 weeks (≤6 months): OAC + aspirin + clopidogrel
Up to 12 months: OAC + clopidogrel (or aspirin)
Lifelong: OAC

IIa / C
IIb / C
I / B

High (≥2) Stable CAD ≥ 4 weeks (≤6 months): OAC + aspirin + clopidogrel
Up to 12 months: OAC + clopidogrel (or aspirin)
Lifelong: OAC

IIa / C
IIb / C
I / B

Moderate (1 in 
males)

ACS 6 months: OAC + aspirin + clopidogrel
Up to 12 months: OAC + clopidogrel (or aspirin)
Lifelong: OAC

IIa / C
IIb / C
I / B

High (≥2) ACS 6 months: OAC + aspirin + clopidogrel
Up to 12 months: OAC + clopidogrel (or aspirin)
Lifelong: OAC

IIa / C
IIb / C
I / B

High
(≥3)

Moderate (1 in 
males)

Stable CAD 12 months: OAC + clopidogrel
Lifelong: OAC

IIa / C
I / B

High (≥2) Stable CAD 4 weeks: OAC + aspirin + clopidogrel
Up to 12 months: OAC + clopidogrel (or aspirin)
Lifelong: OAC

IIa / C
IIb / C
I / B

Moderate (1 in 
males)

ACS 4 weeks: OAC + aspirin + clopidogrel
Up to 12 months: OAC + clopidogrel (or aspirin)
Lifelong: OAC

IIa / C
IIb / C
I / B

High (≥2) ACS 4 weeks: OAC + aspirin + clopidogrel
Up to 12 months: OAC + clopidogrel (or aspirin)
Lifelong: OAC

IIa / C
IIb / C
I / B

No differentiation in guidelines regarding whether OAC is preferentially a VKA or NOAC. If warfarin is the OAC of choice, INR should be maintained at 2.0–2.5 while 
on DAPT, and 2.0–3.0 otherwise. NOACs should be administered at the lower tested dose in AF (dabigatran 110 mg twice daily, rivaroxaban 15 mg once daily. or 
apixaban 2.5 mg twice daily. PPI should be considered in all patients. Newer generation drug‐eluting stents are preferred over bare metal stents in patients at low 
baseline bleeding risk.
ACS, acute coronary syndrome; AF, atrial fibrillation; CAD, coronary artery disease; DAPT, dual antiplatelet therapy; ESC, European Society of Cardiology; INR, 
international normalized ratio; NOAC, non‐vitamin K antagonist oral anticoagulant; OAC, oral anticoagulant agent; PCI, percutaneous coronary intervention; VKA, 
vitamin K antagonist.
Source: Adapted from Task Force members, Lip GY, et al. [73].
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ongoing, non‐randomized, observational study, the prospective, 
multicenter LASER (NCT00865163) registry, with nested case–
control design, is following 2000 patients following PCI; half have 
prior indications for VKAs, half do not. It is hoped that the results 
of the LASER registry will offer insight into the rates of clinically 
relevant bleeding events associated with anticoagulation in contem
porary PCI.

Conclusions
Despite numerous robust randomized controlled trials and meta‐
analyses, the safety of triple antiplatelet and antithrombotic therapy 
remains controversial. Although the evidence of clinical benefit is 
insufficient to advocate the routine use of such regimens following 
PCI or ACS, patients at high risk of further thrombotic or thrombo
embolic events could stand to benefit from these high intensity 
treatment regimens. Novel anticoagulant agents demonstrate sig
nificant promise in providing additional protection against recur
rent infarction and stent thrombosis, with safety profiles 
non‐inferior to traditional oral anticoagulants. It remains conceiv
able that these agents offer the greatest balance of risk and benefit in 
high risk patients, although further prospective evaluation is 
required. Whenever higher order antithrombotic agents are to be 
combined, careful elucidation and consideration of bleeding risk 
must be weighed up against the potential benefits of such therapy.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Myocardial infarction (MI) and stent thrombosis are catastrophic 
events that occur in patients with coronary artery disease (CAD) 
undergoing percutaneous coronary intervention (PCI). Over
whelming evidence exists that thrombus generation resulting from 
platelet activation and aggregation at the sites of plaque rupture is the 
primary process involved in the occurrence of the latter clinical 
events. Although thromboxane A2 and adenosine diphosphate 
(ADP) act synergistically during platelet aggregation, the ADP‐
P2Y12 receptor interaction has a central role in sustaining the activa
tion of glycoprotein IIb/IIIa receptors by amplifying the response to 
agonists. P2Y12 activation also modulates platelet procoagulant 
activity, P‐selectin expression, and inflammation (Figure 47.1) [1].

The clinical efficacy of dual antiplatelet therapy (DAPT) of aspi
rin and a P2Y12 receptor blocker in preventing MI and stent throm
bosis has been demonstrated in a wide range of high risk CAD 
patients [1]. However, clopidogrel therapy, the most widely used 
P2Y12 receptor blocker, is associated with widely variable pharma
codynamic response where approximately one in three clopidogrel‐
treated patients will have high platelet reactivity (HPR). The HPR 
measured peri‐procedurally has been strongly linked to PCI 
ischemic event occurrence in observational studies of thousands of 
patients. Despite the fundamental importance of unblocked P2Y12 
receptors in the genesis of thrombosis, the clear demonstration of 
clopidogrel non‐responsiveness, and their strong link to increased 
post‐PCI ischemic risk, cardiologists largely do not determine 
platelet function in their high risk patients treated with clopidogrel. 
In comparison to the objective assessments and adjustments frequently 
made during treatment with most other cardiovascular drugs, this 
“non‐selective” or “one‐size‐fits‐all” approach to clopidogrel, the 
most widely used P2Y12 inhibitor to prevent a catastrophic thrombotic 
event occurrence, is paradoxical [1–3].

There has been a long‐term reluctance to assess platelet function 
because of the potential introduction of artifacts by laboratory 
methods, incomplete reflection of the actual in vivo thrombotic 
process, and failure to establish unequivocally a causal relation 
between the results of the test and thrombotic event occurrence [4]. 
In the last decade, the understanding of platelet receptor physiology 
has markedly improved, more potent P2Y12 receptor blockers which 

can overcome some of the limitations of clopidogrel have been 
developed, and cheaper generic clopidogrel is available. In addition, 
more user‐friendly platelet function assays which can reliably 
determine the antiplatelet effect of P2Y12 receptor blockers have 
stimulated great interest in therapy monitoring and personalized 
therapy [5,6].

Initial evidence for HPR to ADP 
as a risk factor
In 2003, the response variability and resistance of clopidogrel was 
first demonstrated using conventional platelet aggregometry and 
flow cytometry studies in patients undergoing PCI who had 
received a 300‐mg loading dose followed by 75 mg/day mainte
nance dose of clopidogrel [7]. Since then, numerous similar obser
vations using various assays to measure ADP‐induced platelet 
reactivity have been made in subsequent studies involving thou
sands of PCI patients, which indicate clopidogrel non‐responsive
ness where a substantial percentage of patients (up to 35%) exhibit 
either negligible or no antiplatelet response to c lopidogrel [5,6].

Most translational research studies linking ADP‐induced platelet 
aggregation during clopidogrel administration to clinical outcomes 
were performed in patients undergoing PCI. Barragan et  al. [8] 
reported an association between post‐treatment P2Y12 reactivity 
measured by vasodilator‐stimulated phosphoprotein phosphoryla
tion (VASP‐P) assay and the occurrence of stent thrombosis in a 
case–control study of PCI patients. Matetzky et  al. [9] observed 
that  patients undergoing primary PCI for ST‐segment elevation 
m yocardial infarction (STEMI) who were in the lowest quartile of 
clopidogrel responsiveness (measured by aggregometry) had the 
highest rates of ischemic events during follow‐up.

Given the interindividual variability in baseline ADP‐induced 
platelet aggregation, the measurement of clopidogrel responsiveness 
(absolute or relative changes in platelet aggregation from baseline) 
may overestimate ischemic risk in non‐responders with low 
pre‐treatment reactivity as well as underestimating risk in responders 
who remain with high platelet reactivity after treatment [10,11]. 
Therefore, the absolute level of platelet reactivity during treatment 
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(i.e., on‐treatment platelet reactivity) has been proposed as a better 
measure of thrombotic risk than responsiveness to clopidogrel. 
Subsequent studies based on aggregometry demonstrated that a 
threshold of ~50% maximal peri‐procedural aggregation (20 μmol 
ADP) was strongly associated with 6‐month ischemic event occur
rence; ~40% aggregation (20 μmol ADP) was associated with stent 
thrombosis occurrence and ~46% pre‐procedural platelet aggrega
tion (5 μmol ADP) among patients before stenting was associated 
with 24 month post‐PCI ischemic event occurrence [12–14]. Using 
the VerifyNow P2Y12 assay, it was demonstrated that patients with 
post‐treatment reactivity ≥235 PRU (upper quartile) had significantly 
higher rates of cardiovascular death (2.8% vs. 0%; p = 0.04) and stent 
thrombosis (4.6% vs. 0%; p = 0.004) [15]. Low responders as indicated 
by upper quintile (~416 AU*min) using the Multiplate analyzer, had a 
significantly higher risk of definite stent thrombosis and a higher 
mortality rate within 30 days compared with normal responders [16]. 
These initial studies stimulated a great interest in platelet function 
testing (PFT) in patients undergoing PCI during DAPT in identifying 
patients at high risk for recurrent ischemic event occurrences.

HPR cut‐off values defined by receiver 
operating characteristic curve analysis
Receiver operating characteristic (ROC) curve analysis was used to 
define a threshold or cut‐point of on‐treatment platelet reactivity 
associated with the optimal combination of sensitivity and specific
ity to identify thrombotic and/or ischemic risk. A consensus state
ment was proposed with HPR cut‐off values based on ROC curve 
analysis for various platelet function assays [5,6].

In a time‐dependent covariate Cox regression analysis of on‐treat
ment platelet reactivity in the GRAVITAS (Gauging Responsiveness 
with A VerifyNow assay—Impact on Thrombosis And Safety) study 
(n = 2214), HPR defined as a P2Y12 reaction units (PRU) <208 was an 
independent predictor of event‐free survival at 60 days (hazard ratio 

[HR] 0.23; p = 0.047) and strongly trended to be an independent 
predictor at 6 months (HR 0.54; p = 0.06) [17]. In the multinational 
prospective registry study ADAPT‐DES (Assessment of Dual 
AntiPlatelet Therapy with Drug‐Eluting Stents) involving >8500 
patients (~50% of patients with ACS), 43% of patients met the crite
ria of HPR (>208 PRU) and PRU >208 was independently associated 
with an ~4.0, 1.5, and 1.8‐fold increase in the risk of definite or prob
able stent thrombosis at 0–30 days (HR 3.90, 95% confidence inter
val [CI] 1.90–8.00; p <0.0001), 30 days to 1 year (HR 1.55, 95% CI 
0.76–3.18; p = 0.23), and 2 years (HR 1.84; p = 0.009), respectively. 
PRU >208 identified the risk for definite or probable stent thrombo
sis in 35% of patients [18,19]. The relationship between HPR and 
ischemic event occurrences was more pronounced in patients with 
ACS than patients with stable CAD (adjusted HR 2.60, p <0.005 and 
HR 1.44, p = 0.47, respectively). Finally, in a recent meta‐analysis of 
20 observational studies comprising a total of 9187 PCI patients, 
HPR (>208 PRU) was demonstrated to be a strong predictor of myo
cardial infarction, stent thrombosis, and the composite endpoint of 
reported ischemic events (odds ratio [OR] 3.0, 4.1, and 4.9, respec
tively; p < 0.00001 for all cases) [20].

Randomized trials of platelet 
function testing
In the GRAVITAS trial, primarily stable and low risk PCI patients with 
HPR (≥230 PRU) were randomized to 75 mg/day standard or 150 mg/
day high clopidogrel dosing. High dose clopidogrel treatment was 
ineffective in reducing 6‐month composite ischemic event occurrence 
and there was an unexpectedly low event rate (2.3%) in both groups 
[21]. The pharmacodynamic effect of high dose clopidogrel was rela
tively modest (~40% of the patients still had HPR) and unlikely to 
influence clinical outcomes in an overall low risk population [22]. In 
support of this hypothesis, in the ELEVATE‐TIMI 51 trial, up to 
225 mg/day clopidogrel dose was required to overcome HPR [23].
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Figure 47.1 Central role of ADP‐P2Y12 interaction in platelet aggregation and ischemic event occurrence during percutaneous coronary 
intervention.
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In the TRIGGER‐PCI trial, the effects of a more potent active 
arm (prasugrel) compared with standard dose clopidogrel in low 
risk patients with HPR (>208 PRU) undergoing non‐urgent PCI 
was investigated [24]. This trial was prematurely terminated 
because of a very low incidence of cardiovascular events. Finally, in 
the ARCTIC study, 2440 low risk patients (27% NST‐ACS vs. 73% 
patients with stable CAD) scheduled for planned coronary stenting 
were randomly assigned to a strategy of platelet‐function monitor
ing and drug adjustment or to a conventional strategy without 
monitoring. In the monitoring arm, one‐third of patients had HPR 
(>235 PRU or <15% inhibition) before stent implantation and 80% 
of these patients received additional clopidogrel loading dose for 
PCI while only 2.3% received prasugrel loading doses. The primary 
endpoint was not different in the monitoring arm compared to the 
conventional arm (34.6% vs. 31.1%, HR 1.13; p = 0.10) [25]. In total
ity, these recent studies that included low risk patients undergoing 
PCI with low event rates demonstrate that high dose clopidogrel is 
not an optimal strategy to overcome HPR and suggest that future 
personalized antiplatelet therapy trials should focus on enrolling 
high risk patients undergoing PCI and treating patients with HPR 
with prasugrel or ticagrelor. In addition, potent P2Y12 receptor 
blocker should be administered as soon as possible—even before 
PCI—to prevent early events.

While the results of the latter three randomized trials were nega
tive, smaller studies have suggested that the PFT‐directed approach 
may be effective with proper implementation. In two small multi
center studies, a strategy of tailoring incremental loading doses of 
clopidogrel to reduce on‐treatment platelet reactivity below the 
HPR cut‐off based on the VASP‐P before PCI was associated with 
significantly reduced adverse event occurrence, including early 
stent thrombosis without increasing thrombolysis in myocardial 
infarction (TIMI) major or minor bleeding [26,27]. Similarly, two 
other studies have suggested that the selective administration of a 
glycoprotein IIb/IIIa receptor inhibitor to patients undergoing 
elective PCI who were identified as poor responders to acetylsali
cylic acid or clopidogrel was effective in reducing both 30‐day and 
1‐year post‐PCI ischemic events without increasing bleeding rates 
[28,29]. In a recent study, Aradi et  al. [30] demonstrated that 
patients with ACS undergoing successful PCI and identified as 
having HPR during clopidogrel therapy using the multiplate device 
and switching to prasugrel exhibited reduced thrombotic and 
bleeding events to a level similar to that of those without HPR 
treated with clopidogrel.

A meta‐analysis of nine randomized trials demonstrated a sig
nificant reduction in cardiovascular mortality and stent thrombosis 
in HPR patients when intensified antiplatelet therapy was used [31]. 
Of interest, the benefit was mostly observed in high risk patients, 
suggesting that other factors, including demographic, clinical, and 
angiographic factors, must also be taken into consideration to iden
tify the patients at greatest risk. For this purpose, recent studies 
have suggested that adding clinical variables and genotype to plate
let reactivity measurements (a combined risk factor) could improve 
risk prediction [32,33].

Relation between low on‐treatment 
platelet reactivity and bleeding: 
the therapeutic window concept
In addition to the upper threshold for ischemic risk (i.e., HPR), 
small translational research studies have suggested a relation 
between low on‐treatment platelet reactivity (LPR) with bleeding 

(Table 47.1) [34–40]. Unlike arterial ischemic events that are mainly 
platelet‐centric, the underlying mechanisms of bleeding during PCI 
are more complex and heterogeneous in origin. The role that plate
let function has in these different types of bleeding might vary, and 
it might be related to the extent of impaired hemostatic potential 
and possibly a higher degree of platelet inhibition. The concept of a 
“therapeutic window” of P2Y12 receptor reactivity associated with 
both ischemic event occurrence (upper threshold, HPR) and bleed
ing risk (lower threshold, LPR) has been proposed [41]. Based on 
observational studies, various cut‐offs for HPR and LPR are pre
sented in Table 47.2 [35,37,38,40]. These cut‐offs could be used in 
future studies of personalized antiplatelet therapy. This approach is 
more meaningful while titrating the dose of more potent P2Y12 
receptor blockers that are known to be associated with increased 
incidences of bleeding.

Relation of platelet reactivity to bleeding  
during surgery
In patients undergoing coronary artery bypass grafting (CABG), 
withdrawal of a P2Y12 receptor blocker treatment for 5–7 days is 
recommended by the guidelines to avoid excessive peri‐operative 
bleeding by allowing platelet function recovery [42,43]. As clopi
dogrel therapy is associated with response variability and non‐
responsiveness, it was suggested that an objective measurement 
of the antiplatelet effect of clopidogrel before surgery can obviate 
the need for the recommended waiting period in a substantial 
percentage of patients. In support of this hypothesis, in the pro
spective Time Based Strategy to Reduce Clopidogrel Associated 
Bleeding During CABG (TARGET CABG) study, clopidogrel 
response was measured by thrombelastography with platelet 
mapping and surgery was scheduled with no delay in those with 
ADP‐induced maximum amplitude (MAADP) >50 mm, within 
3–5 days in those with MAADP = 35–50 mm, and after 5 days in 
those with MAADP <35 mm. This study demonstrated that strati
fying clopidogrel‐treated patients to specific waiting periods 
based on a preoperative assessment of clopidogrel response 
resulted in similar peri‐operative bleeding compared to clopi
dogrel‐naïve patients undergoing elective first time on‐pump 
CABG [44]. Despite the absence of evidence from a large‐scale 
prospective trial, in the 2012 Society of Thoracic Surgeons 
Guideline for cardiovascular surgeons, it was stated that “For 
patients on dual antiplatelet therapy, it is reasonable to make 
decisions about surgical delay based on tests of platelet inhibition 
rather than arbitrary use of a specified period of surgical delay. 
Class IIa (Level B)” [45].

HPR in patients with STeMI during 
prasugrel and ticagrelor therapy
An accumulating body of data suggests that drug absorption in 
patients with ACS is impaired, particularly in patients with 
STEMI. Impaired bioavailability of clopidogrel in patients with 
STEMI, resulting in suboptimal platelet inhibition compared 
with healthy controls, has been demonstrated [46]. In a recent 
prospective, s ingle‐blind study, 55 STEMI patients undergoing 
PCI were r andomized to either ticagrelor or prasugrel; platelet 
reactivity measured by VerifyNow did not differ significantly 
between ticagrelor and prasugrel therapy at 1 hour. However, 
HPR at 2 hours persisted in a significant percentage of patients in 
both groups and again differ from the findings in stable, non‐PCI 
patients where the frequency of high on‐treatment platelet reactivity 
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was negligible [47]. In another study of 50 patients with STEMI 
undergoing primary PCI on bivalirudin monotherapy, patients 
were randomly treated with 60 mg prasugrel loading dose or 
180 mg ticagrelor loading dose. Both prasugrel and t icagrelor 
therapy was only effective in inhibiting platelet reactivity in ~50% 
of patients at 2 hours. At least 4 hours were required to achieve 
effective platelet inhibition in ~80% of patients. Interestingly, 
morphine use was associated with a delayed activity of both 
agents [48]. In a subsequent study of healthy volunteers, mor
phine use was associated with delayed clopidogrel absorption and 
reduced clopidogrel active metabolite levels which were accom

panied by delayed maximum platelet inhibition (up to 4 hours) 
[49]. At this time, the clinical significance of HPR in patients 
with STEMI during prasugrel or ticagrelor therapy is unknown.

Conclusions
Currently, there is conclusive pharmacodynamic evidence that 
clopidogrel has a suboptimal effect in a substantial proportion of 
patients and HPR is strongly associated with poorer clinical out
comes in high risk clopidogrel‐treated patients who have undergone 
PCI. Most of the studies linking HPR to thrombotic event occur

Table 47.2 Platelet reactivity cut‐off associated with ischemic and bleeding events (therapeutic window).

Cut‐off associated with 
ischemic event occurrences

Cut‐off associated with 
bleeding event occurrences [ref]

VerifyNow P2Y12 Assay (PRU) >208 <85 [18,38]

Multiplate Analyzer ADP‐induced aggregation (AU) >46 <19 [35]

Vasodilator Stimulated Phosphoprotein 
Phosphorylation‐Platelet Reactivity Index (%)

≥50% <16% [40]

Thrombelastography Platelet Mapping Assay  
ADP‐induced Platelet‐fibrin clot strength (mm)

>47 <31 [37]

Table 47.1 Relation between platelet function measurement and bleeding in patients treated with PCI.

Study
Patients (n) and 
P2Y12 treatment Platelet function test(s) Bleeding criteria outcome

Cuisset 
et al. [34]

NSTE‐ACS (n = 597),
clopidogrel

LTA preheparin ADP‐induced 
aggregation and VASP‐PRI

Non‐CABG, TIMI major 
and minor

<40% aggregation associated 
with higher risk of 30 days 
post‐discharge bleeding

Sibbing 
et al. [35]

PCI (n = 2533)
clopidogrel

Multiplate analyzer, 
ADP‐induced aggregation

Procedure‐related non‐
CABG TIMI major bleeding

<19 AU/min associated with 
3.5× bleeding

Mokhtar 
et al. [36]

PCI (n = 346)
Clopidogrel, 
retrospective analysis

VASP Assay Non‐CABG TIMI minor 
and major

Low on treatment PRI 
independent predictor of 
bleedings

Gurbel 
et al. [37]

PCI (n = 225)
clopidogrel

MA‐ADP TEG platelet 
mapping assay

≤31 MA‐ADP associated with 
post‐PCI bleeding

Campo 
et al. [38]

PCI (n = 300),
Clopidogrel

VerifyNow P2Y12 assay TIMI bleeding <85 PRU was associated with 
bleeding events
>238 PRU was associated 
with ischemic events

Parodi 
et al. [39]

PCI (n = 298)
prasugrel

LTA Entry site bleeding LPR associated with bleeding

Bonello 
et al. [40]

ACS patients 
undergoing PCI (n = 301)
prasugrel

VASP Assay Major and minor TIMI 
bleeding

VASP‐PRI <16% associated 
with major bleedings

ADP, adenosine diphosphate; AU, arbitrary aggregation units; CAD, coronary artery disease; DAPT, dual antiplatelet therapy; DES, drug‐eluting stent; LTA, light 
transmittance aggregometry; MA, maximum amplitude; NSTE‐ACS, non‐ST‐segment elevation acute coronary syndrome; PA, platelet aggregation; PCI, percutaneous 
coronary intervention; TIMI, thrombolysis in myocardial infarction.
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rence have employed a peri‐procedural platelet reactivity measure
ment. HPR may be most predictive of event occurrence in high risk 
patients. Recent data indicate that prasugrel and ticagrelor therapy 
is also associated with non‐responsiveness, particularly soon after 
stenting in high risk patients (although <10%). The primary goal of 
PFT is to identify the patient who is suboptimally responsive and to 
adjust therapy accordingly to reduce the risk for the catastrophic 
events of MI and stent thrombosis. Genotyping predicts who is at 
risk of being suboptimally responsive but does not replace PFT.

Recent prospective, randomized trials have failed to demonstrate 
that personalized antiplatelet therapy based on platelet function is 
effective in reducing ischemic event occurrences. It should be 
acknowledged that randomized trials of personalized antiplatelet 
therapy are associated with major limitations, such as the enroll
ment of low risk patients, which resulted in low event rates and lack 
of power—and the use of high dose clopidogrel, which is not 
an  optimal strategy to overcome HPR and to improve clinical 
 outcomes. Therefore, the results of these randomized trials should 
not be used to refute the utility of PFT or personalized antiplatelet 
therapy strategies.

Treatment with more potent P2Y12 receptor blockers, such as 
prasugrel and ticagrelor, is associated with faster and greater plate
let inhibition than clopidogrel therapy and is a credible alternative 
strategy to overcome HPR during clopidogrel therapy. Therefore, a 
reasonable strategy is to assess platelet function in high risk clopi
dogrel‐treated patients (e.g., patients with current or prior ACS, a 
history of stent thrombosis and target vessel revascularization, poor 
left ventricular function, multivessel stenting, complex anatomy 
(bifurcation, long, small stents), high body mass index, diabetes 
mellitus, and patients co‐treated with proton pump inhibitors) and 
use of more potent P2Y12 receptor therapy selectively in the patient 
with HPR. Unselected therapy with the new P2Y12 receptor blockers 
is associated with increased bleeding. It is also important to note 
that clopidogrel results in an adequate P2Y12 receptor inhibition in 
about two‐thirds of the patients undergoing PCI. Selectively 
t reating these patients with generic clopidogrel rather than treating 
all patients with new and potent P2Y12 inhibitors might provide 
s ignificant cost savings.

Moreover, rather than ischemic events alone, both ischemic 
and bleeding events (net clinical outcome) should be considered 
as a primary composite endpoint. This will not only increase the 
event rate, but also improve overall clinical outcome in the pres
ence of more potent P2Y12 receptor blocker therapies that are 
known to be associated with increased bleeding events. It is cru
cial to capture early events that are platelet‐centric and that are 
significantly influenced by improved treatment strategies. It was 
also suggested that serial PFT can facilitate the modification of 
treatment strategies over time and improve net clinical outcomes. 
Currently, two large‐scale studies of personalized antiplatelet 
therapy (ANTARCTIC [NCT01538446] and TROPICAL‐ACS 
[NCT01959451]) are under way.

In the absence of evidence from a superiority trial, at this time we 
must rely on the guidelines and the existing observational data 
while fully keeping in mind the role that platelet physiology has in 
catastrophic event occurrence in the stented patient. Finally, it is 
not practical and wise to ignore the strong evidence that:
1 HPR is associated with post‐PCI ischemic event occurrences;
2 User‐friendly and reliable assays are available to assess platelet 

function;
3 More potent P2Y12 receptor blockers are available to overcome 

HPR in 35% of patients;

4 Nearly 65% of patients without HPR can be optimally treated 
with less expensive generic clopidogrel; and

5 Excessive bleeding can be avoided and net clinical outcome can 
be improved by utilizing serial PFT in patients treated with the 
more potent P2Y12 receptor blockers.

The therapeutic window concept for the P2Y12 receptor blocker 
therapy can facilitate the balance between reducing ischemic 
events and avoiding bleeding events, thereby improving net clini
cal outcome. PFT can have a role to monitor: (i) efficacy when 
clopidogrel is the chosen therapy; and (ii) safety of the long‐term 
use of new, more potent drugs, especially in low risk patients and 
in patients with high bleeding risk. Finally, platelet reactivity 
should not be regarded as an absolute and sole prognostic marker, 
instead platelet reactivity should be evaluated in combination 
with demographic variables associated with risk, the time of plate
let reactivity testing with respect to the time of PCI and the pres
ence of ACS.
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Heritability accounts for the number of observed differences in a 
disease trait because of inherited genetic differences between 
p eople. While other mechanisms like epigenetic modification of 
deoxyribonucleic acid (DNA) likely also contribute to inheritance, 
most inherited differences are thought to be carried by changes to 
the nucleotide DNA sequence (i.e., A, T, C, and G; Figure  48.1). 
Although environmental and genetic influences were initially 
thought to be independent factors contributing to disease, it is now 
appreciated that the interaction of genetic and environmental fac
tors is a major element contributing to an ultimate clinical disease 
phenotype such as coronary artery disease (CAD). As we elaborate 
later, it now appears that the absence or presence of environmental 
factors, such as presence of smoking or lack of exercise, can deter
mine if a genetic factor will contribute to the pathogenesis of 
d isease. As becomes evident in this chapter, the redirecting of our 
scientific efforts toward understanding aspects of CAD, such as the 
biologic intersection point of genetics–genomics and environmen
tal influences using systems genetics, is potentially of very high 
yield in terms of advancing our understanding of the causality of 
this disease. This chapter focuses on reviewing the genetics of CAD 
as relevant to interventional cardiology, discussing limitations to 
genomewide association studies (GWAS) and the knowledge gained 
so far, and finally proposing future directions for identifying the 
presently unknown genetic aspects of CAD and how this knowledge 
might be useful in the clinic and catheterization laboratory.

Initial focus on human genetics: rare 
single‐gene disorders
The heritability of traits that are passed between generations is 
thought to be predominantly carried in DNA, manifested as altera
tions in DNA that include single nucleotide polymorphisms (SNPs), 
deletions, insertions, and copy number variants. A component of 
heritability that is independent of DNA [1,2] can be mediated via 
epigenetic mechanisms that generally involve changes in either the 
methylation status of DNA or in histone changes that impact DNA 
transcription [3]. However, epigenetic mechanisms are beyond the 
scope of this chapter.

Rare single‐gene disorders generally arise by a single change in 
a  DNA coding region that typically follows a known pattern 

of  inheritance (Mendelian inheritance) between generations. 
Common inheritance patterns for single‐gene disorders include 
autosomal dominant, autosomal recessive, and X‐chromosome‐
linked inheritance. However, not all carriers of a single‐gene vari
ant that is associated with a Mendelian disorder will develop that 
disease, thus penetrance (the proportion of persons carrying a 
mutation or genetic change that develop the clinical disease) is gen
erally <100%. Penetrance is also is a time‐dependent component of 
disease development. For example, in cystic fibrosis (CF) and 
Huntington’s disease (HD), these two diseases are generally 100% 
penetrant; CF presents in infancy and HD presents generally in late 
adulthood. Other single‐gene disorders, like the BRCA1 gene, have 
“incomplete penetrance” (<100% of persons carrying the disease‐
causing BRCA1 gene develop the relevant diseases) and a lifetime 
penetrance risk, suggesting that there are other elements of risk 
including environmental and other genetic predispositions that 
contribute to the development of the disease. This also suggests 
that there are resistance variants that protect individuals from 
developing single‐gene disorders [4], which is relevant when risk 
stratifying patients for management and addressing preventative 
measures for a disease. As further defining features of single‐gene 
disorders and in contrast to CAD, although the penetrance of many 
single‐gene disorders is high, the occurrence of these disorders is less 
than 1% in the general population. Furthermore, the frequency and 
phenotypic expression of these genes varies in different p opulations 
as a result of differences in genetic ancestry in those communities.

Through the study of “classic” disease phenotypes that arise with 
single‐gene disorders and their patterns of inheritance, initial 
DNA‐based pedigree and linkage studies were first used to under
stand causative variants for rare disorders showing Mendelian 
inheritance [5]. In summary, these techniques involve very careful 
clinical phenotyping of family members, and then searching for 
DNA changes that are apparent in the affected versus non‐affected 
family members. The first single‐gene cardiovascular disorder to be 
extensively studied using these techniques was familial hyper
trophic cardiomyopathy, with the subsequent discovery of the mis
sense mutation within the cardiac beta‐myosin heavy chain gene. 
Following this, other genetic mutations for many other generally 
single‐gene cardiovascular disorders were identified, including long 
QT syndrome, dilated cardiomyopathy, Wolf–Parkinson–White 
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syndrome, Brugada syndrome, and arrhythmogenic right ventricular 
dysplasia. Subsequent studies of other rare single‐gene disorders led 
to the identification of mutated genes including those involved in 
familial hypercholesterolemia, such as mutations in the low density 
lipoprotein receptor (LDL‐R).

While these approaches used to study single‐gene disorders were 
highly successful and opened the door to our understanding of the 
genetic basis of disease, this type of approach for common complex 
disorders such as CAD and atherosclerosis is not broad enough to 
encompass the relevant biologic processes and multiple causative 
genes involved in the pathogenesis of these diseases [6].

realm of GWaS: understanding 
the genetics of common complex 
disorders
Unlike single‐gene disorders like those discussed above, the genetics 
of CAD is fundamentally more complex. CAD is one of many 
“polygeneic” or “common complex disorders.” Unlike single‐gene 
disorders which are rare, run in families, and are also highly herit
able (i.e., they are genetically driven by typically one or only a few 
genes), the etiology of common complex disorders typically 
involves significant contributions from both genetic and environ
mental risk factors and their interactions. As a consequence, com
plex disorders are far more prevalent in the community (“common”), 
and are not limited to specific families. Furthermore, unlike single‐
gene disorders where the effect of each disease‐causing genetic 
alteration is typically quite large, in common complex disorders the 
effect of each disease‐relevant genetic alteration is only minimal to 
modest, and there are typically also many genetic alterations impli
cated in disease pathogenesis. Other examples of common complex 
disorders are diabetes, obesity, hypertension, and stroke.

The widespread prevalence and diversity of risk factors of the 
common complex diseases made linkage analysis of family pedigrees 
(as applied to single‐gene disorders) inappropriate to study CAD. In 
addition, from the outset of investigations there was a notion that 
common complex disorders are driven by many genetic factors, each 
with weaker effects. As a consequence, a research tool allowing for 
the analysis of a multitude of genetic markers in thousands of indi
viduals in the general population across families in case–control 
association studies was proposed to better study c ommon complex 

disorders; this was the beginning of the era of genomewide associa
tion studies (GWAS) [7]. In summary, GWAS design involves col
lecting large numbers of subjects with the disease (“cases”) and 
controls without the disease and then looking for changes in DNA 
that are present in the cases and not the controls. Ideally, cases and 
controls are matched for as many non‐disease‐related features as 
possible (age, gender, race/ethnicity, and other comorbidities).

The study of CAD using GWAS first began in the Wellcome 
Trust Case Control Consortium, which identified the famous 9p21 
locus that is associated with CAD [7–9]. Since this initial study, 153 
suggestive DNA variants have been identified with GWAS, with 50 
being replicated in meta‐analyses of GWAS datasets [10]. These 
variants are prevalent in the general population but the observed 
effect of the variants is weak, with each conferring a minimal to 
modest average increase in relative risk of ~18% [7]. The ability of 
this approach to identify numerous genetic markers and isolate 
many previously unknown disease‐causing genes is impressive and 
notable. Nevertheless, the 153 CAD‐associated variants that have 
been identified by GWAS are responsible for only approximately 
10.6% of the genetic variation of CAD in the general population 
[10]. Indeed, not only for CAD but for most other complex diseases, 
about 90% of their heritability is not explained by loci identified so 
far by GWAS, despite including very large GWAS sample sizes [10].

To place this information in context, it is important to also appre
ciate the overall contribution of the traditional risk factors versus 
genetics to the development of CAD. Seminal studies performed 
several decades ago defined that the genetic variance in CAD is 
40–60% [11]. In other words, heritable factors are thought to 
account for about 50% of the likelihood of developing CAD, with 
the remaining ~50% of risk thought to be attributable to environ
mental and lifestyle‐related risk factors such as smoking, sedentary 
lifestyle, obesity, salt intake, diet, and other factors. Therefore, with 
50% heritability, the 153 loci identified by the GWAS explain ~5% 
of the overall likelihood of developing CAD (Figure  48.2). 
Accordingly, further study regarding independent genetic risk 
f actors and how they are influenced by environmental factors to 
contribute to CAD heritability is warranted [12].

The development of more complete DNA sequencing techniques, 
such as whole exome/whole genome sequencing (WES/WGS) gen
erally applied to case–control cohorts as in GWAS, could be used as 
a tool to identify additional rare risk variants that might have more 
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effect on heritability [13]. Preliminary findings from WES indicate, 
however, that the number of SNPs in coding regions (i.e., exomes) 
that potentially contribute to some fraction of the missing heritabil
ity of CAD is sparse. The lack of coding region SNPs associated 
with CAD, as discussed in more detail later, underscores the notion 
indicated from studies like ENCODE that risk SNPs identified by 
GWAS are largely situated in regulatory regions of the genome 
rather than in protein‐coding regions [14]. Nevertheless, the next 
section specifically evaluates CAD and the role for genes identified 
in GWAS so far, and we argue that it is likely that these genes belong 
to a group of genes that are mostly important at specific intervals in 
the protracted course of the pathogenesis of CAD. We argue that 
those identified by GWAS might not necessarily be involved in the 
final culmination of CAD leading to clinical events. Thus, we 
believe complementary approaches beyond GWAS will be required 
to explain the full heritability of CAD and particularly to explain 
the occurrence of clinical events.

Identification and characterization 
of genetic risk variants for CaD and MI
Since the discovery in 2007 of the 9p21 CAD risk variant using 
GWAS [9,15], initial efforts focused on increasing sample sizes, 
defining new variants, and then replicating and confirming these 
findings [16]. Eventually, in order to detect risk variants with low 
frequency and minimal effect, large collaborative groups were 
founded to provide for larger sample sizes, one of which being the 
Coronary Artery Disease Genome‐Wide Replication and Meta‐
Analysis (CARDIoGRAM). This meta‐analysis confirmed 10 previ
ously described risk variants as well as the identification of 13 new 
risk variants for CAD [17–19]. These genetic risk variants for CAD 
are common but with a relative risk that is usually minimal to mod
erate. The currently known CAD genetic risk variants are presented 
in Table 48.1.

Of the genetic risk variants identified for CAD, 35 of the 50 act 
through currently unknown mechanisms and many of these are in 
non‐coding DNA regions, suggesting that there are several path
ways that contribute to the pathogenesis of CAD that have yet to be 

described. Other genetic variants have been linked to established 
risk factors for CAD, including those involved in lipid metabolism, 
such as variants related to LDL cholesterol, lipoprotein‐a, apolipo
protein‐B, LDL‐R, apolipoprotein‐E, and ABCG5. A new variant 
not previously associated with LDL‐C includes a SNP associated 
with Sortilin1 (SORT1), which is thought to modulate LDL‐C 
secretion [20]. In addition, the discovery of the PCSK9 variant has 
led to the development of novel agents to reduce LDL cholesterol 
levels (PCSK9 inhibitors) that are now in advanced stages of clinical 
testing [21,22].

As a relevant aspect of CAD and myocardial infarction (MI), an 
MI is typically caused by an occlusive thrombus that is superim
posed on an atherosclerotic plaque. The acute rupture of this plaque 
is what precipitates the formation of a thrombus. However, the 
presence of CAD is the result of typically decades of slow progres
sion of this disease process. Importantly therefore, the biology of 
plaque development and acute plaque rupture with thrombus for
mation are distinct, and consequently the genetic variants contrib
uting to thrombus formation are distinct from those that contribute 
to the protracted development of atherosclerosis. The variant 9p21 
is associated with both processes but likely mostly accounted for in 
CAD [23,24]. However, it is particularly notable that the only 
genetic risk variant currently associated with MI is the ABO blood 
group locus [24]. Multiple studies have suggested and confirmed an 
association between the ABO blood groups at locus 9q34.2 and MI, 
including CARDIoGRAM, which demonstrated an increased risk 
of 20% for MI with A and B risk variants [19]. Blood groups A and 
B encode for a protein that transfers a carbohydrate on von 
Willebrand factor (alpha‐1‐3‐N‐acetylgalactoseaminyltransferase); 
this results in a prolonged half‐life of von Willebrand factor with 
predisposition to coronary thrombosis and subsequent MI [25]. In 
the Nurse’s Health Study, the blood group A or B was associated 
with a 10% increased frequency of MI, the combination of A and B 
blood groups increased the risk to 20% [26]. Clearly, much remains 
to be understood regarding the molecular mechanisms whereby 
these risk loci promote CAD.

relevance of CaD pathogenesis 
and clinical manifestations 
from a genetics perspective
It is becoming increasingly clear that the development of athero
sclerotic lesions and CAD is profoundly influenced by genetic 
f actors. While atherosclerotic biology is comprehensively covered 
in other chapters of this book, here we very briefly summarize what 
we perceive to be the key aspects related to atherosclerosis and 
CAD as relevant to genetic factors.

Atherosclerotic lesion development within the coronary vessels 
generally follows a sigmoidal‐shaped (S‐shaped) model, with the 
caveat that the late stage of atherosclerosis with plaque development 
and progression can be variable and include further rapid progres
sion [27,28]. In detail, studies in both humans and mice have sup
ported the notion that atherosclerosis develops over a long period 
of time, but with a period of rapid progression before a later final 
period of generally slowed growth [29–32]. Plaque development is 
initiated by retention of circulating plasma lipoproteins, predomi
nantly LDL, at sites in the vasculature that are regions of turbulent 
blood flow. Some LDL particles remain within the subendothelial 
space and are modified by redox processes. The endothelium is 
activated by oxidized LDL via the expression of adhesion molecules, 
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Figure 48.2 Current understanding of coronary artery disease (CAD). 
While traditional risk factors likely account for ~50% of the likelihood 
of developing CAD and ~5% is attributable to known CAD risk loci, 
approximately 45% of the likelihood of developing CAD is thought to 
be caused by currently unknown genetic factors: the “missing 
heritability” of CAD.
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Table 48.1 Fifty genetic variants currently verified as associated with coronary artery disease (CAD) 
or myocardial infarction (MI) by genomewide association studies (GWAS).

Nearby gene (allele) Chromosome location SNP Odds ratio

Associated with LDL cholesterol

LPA 6q25.3 rs3798220 1.92 (1.48–2.49)

APOB 2p24.1 rs515135 1.03

SORT1 1p13.3 rs599839 1.29 (1.18–1.40)

LDLR 19p13.2 rs1122608 1.14 (1.09–1.19)

APOE 19q13.32 rs2075650 1.14 (1.09–1.19)

ABCG5‐ABCG8 2p21 rs6544713 1.07 (1.04–1.11)

PCSK9 1p32.3 rs11206510 1.15 (1.10–1.21)

Associated with HDL cholesterol

ANKS1A 6p21.31 rs12205331 1.04

Associated with triglycerides

TRIB1 8q24.13 rs10808546 1.08 (1.04–1.12)

ZNF259, APOA5‐A4‐C3‐A1 11q23.3 rs964184 1.13 (1.10–1.16)

Associated with hypertension

SH2B3 12q24.12 rs3184504 1.13 (1.08–1.18)

CYP127A1, CNNM2, 
NT5C2

10q24.32 rs12413409 1.12 (1.08–1.16)

GUCYA3 4q31.1 rs7692387 1.13

FURIN‐FES 15q26.1 rs17514846 1.04

Associated with myocardial infarction

ABO* 9q34.2 rs579459 1.10 (1.07–1.13)

Mechanism of risk unknown

CDKN2A, CDKN2B 9p21.3 rs4977574 1.25 (1.18–1.31) to
1.37 (1.26–1.48)

MIA3 1q41 rs17465637 1.20 (1.12–1.30)

CXCL12 10q11.21 rs1746048 1.33 (1.20–1.48)

WDR12 2q33.1 rs6725887 1.16 (1.10–1.22)

PHACTR1 6p24.1 rs12526453 1.13 (1.09–1.17)

MRPS6 21q22.11 rs9982601 1.19 (1.13–1.27)

MRAS 3q22.3 rs2306374 1.15 (1.11–1.19)
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Table 48.1 (Continued)

Nearby gene (allele) Chromosome location SNP Odds ratio

KIAA1462 10p11.23 rs2505083 1.07 (1.04–1.09)

PPAP2B 1p32.2 rs17114036 1.17 (1.13–1.22)

IL5 5q31.1 rs2706399 1.02 (1.01–1.03)

TCF21 6q23.2 rs12190287 1.08 (1.06–1.10)

BCAP29 7q22.3 rs10953541 1.08 (1.05–1.11)

ZC3HC1 7q32.2 rs11556924 1.09 (1.07–1.12)

LIPA 10q23.31 rs1412444 1.09 (1.07–1.12)

PDGF 11q22.3 rs974819 1.07 (1.04–1.09)

COL4A1, COL4A2 13q34 rs4773144 1.07 (1.05–1.09)

HHIPL1 14q32.2 rs2895811 1.07 (1.05–1.10)

ADAMTS7 15q25.1 rs3825807 1.08 (1.06–1.10)

SMG6, SRR 17p13.3 rs216172 1.07 (1.05–1.09)

RASD1, SMCR3, PEMT 17p11.2 rs12936587 1.07 (1.05–1.09)

UBE2Z, GIP, ATP5G1, SNF8 17q21.32 rs46522 1.06 (1.04–1.08)

IRX1, ADAMTS16 5p13.3 rs11748327 1.25 (1.18–1.33)

BTN2A1 6p22.1 rs6929846 1.51 (1.28–1.77)

C6orf105 6p24.1 rs6903956 1.65 (1.44–1.90)

HCG27 and HLA‐C 6p21.3 rs3869109 1.15

IL6R 1q21 rs4845625 1.09

EDNRA Chr4 rs1878406 1.09

HDAC9 7p21.1 rs2023938 1.13

VAMP5‐VAMP8 2p11.2 rs1561198 1.07

ZEB2‐AC074093.1 Chr2 rs2252641 1

SLC22A4‐SLC22A5 Chr5 rs273909 1.11

KCNK5 6p21 rs10947789 1.01

PLG 6q26 rs4252120 1.07

LPL 8p22 rs264 1.06

FLT1 13q12 rs9319428 1.1

CAD, coronary artery disease; CI, confidence interval; HDL, high density lipoprotein; LDL, low density lipoprotein; 
MI, myocardial infarction; SNP, single nucleotide polymorphism.
* Risk variant located on 9q34.2 only associated with MI, not CAD.
Source: Adapted from Roberts R. Genetics of coronary artery disease. Circ Res 2014; 114: 1890–1903.
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leading to transendothelial migration of leukocytes (predominantly 
monocytes). Within the subendothelial space and the intima, 
monocytes differentiate into macrophages. These macrophages 
uptake oxidized LDL particles, initiating foam cell formation, a key 
process of atherosclerosis. The accumulation of foam cells in the 
intima manifests as the appearance of fatty streaks on histologic 
examination. Aggregation of multiple foam cells leads to formation 
of small atherosclerotic plaques with well‐defined borders [32].

The second phase of atherosclerosis involves the rapid expansion 
of the small plaques across the arterial wall and into the lumen of 
the blood vessel, leading to compromise of blood flow. Through the 
use of 14C dating of human plaques, this rapid phase is thought to 
occur less than 10 years prior to clinical symptoms [30].

The third and final stage can be variable. In about 30% of the 
cases, rapid progression of lesions occurs over 12 months to a 
fibroatheroma, with encapsulation of the lipid‐rich core by a thin or 
thick cap. The most unstable lesions are the thin‐cap atheromas that 
lead to an acute MI. In the span of 12 months, 75% of thin‐cap 
fibroatheromas stabilize, while 5% of the thick‐cap atheromas will 
develop high risk features [28,33]. The rupture of a complex plaque 
is influenced by an interplay of multiple factors including: extent 
and degree of necrosis of the deposited lipid core mediated by 
p roliferating macrophages within the plaque area; the de novo 
migration/emigration of monocytes; extent of luminal stenosis; 
plaque burden; vessel remodeling into the lumen of the vessel; and 
the thickness of the fibrous cap [34]. An occlusive thrombus leads 
to reduced perfusion of the myocardium which results in an acute 
coronary syndrome or sudden cardiac death.

Specific limitations of GWaS 
and presently identified CaD risk loci
While the achievements regarding the genetics of CAD thus far 
using GWAS cannot be gainsaid, there are several inherent limita
tions to the GWAS study design that we believe are responsible for 
skewing the nature of the genetic loci identified. This idea is sup
ported by three conventions underlying development and pheno
typic expression of complex diseases: shifting environments, time, 
and case–control overlap.

Shifting environments
The DNA code in each individual is established at conception. 
Therefore, DNA variants that function independent of environ
mental factors are most likely to reach significance in a GWAS 
because these are not reliant on any specific environmental factor to 
be present for their effect to become manifest. On the other hand, 
DNA variants that are dependent on environmental stimuli or fac
tors are unlikely to reach the same significance in a GWAS because 
the additional element of the requisite environmental influence is 
needed, which may or may not occur in a given individual. The 
context‐dependent or environmentally influenced risk modifiers of 
genetic risk in CAD include lifestyle factors such as smoking, diet, 
salt intake, and sedentary lifestyle, or coexisting comorbidities 
including obesity, diabetes, hypertension, and inflammatory driven 
diseases. Other risk factors include environmental pollution and 
highly stressful events [35,36], but these are even harder to account 
for in an individual patient. However, environmental factors that 
decide whether a genetic factor will influence CAD development or 
not can also be local in a given tissue. As an example, fatty liver can 
induce a number of genes in the liver that influence the genetic risk 
of CAD which are absent or insignificant in the normal liver. Such 

context‐dependent or environmentally influenced genetic factors 
may be identifiable in GWAS datasets, but current analytic 
approaches have failed to do so [37]. In summary, genetic variants 
modifying gene expression in CAD that are dependent on environ
mental contexts is a phenomenon that has been confirmed to be 
common and strong experimentally [38–41]. The reanalysis of 
GWAS datasets seeking to identify such context‐dependent variants 
is potentially a very fruitful line of investigation which several 
groups are now actively pursuing.

Time
DNA variants involved in the regulation of disease processes over a 
long period of time (and which remain operative despite changing 
environmental and other influences) are more likely to reach 
genomewide significance in GWAS in comparison to those that 
regulate processes over a short period of time. Therefore, the DNA 
variants that are found to have genomewide significance in GWAS 
are most likely to be implicated in the early phase of disease patho
genesis where the initial growth phase is slow and spread over more 
time in comparison to the rapid growth phase or late phases. The 
pathogenesis of early CAD is likely driven more by genetic predis
position in comparison to the later stages of the disease and is less 
likely to be influenced by the factors that likely drive later stages of 
the disease, including diabetes, obesity, and different inflammatory 
states. The later stages of the disease are also more complex given 
that there are generally additional disease processes acting in paral
lel across organ systems (i.e., CAD includes the liver and pancreas 
in diabetes, adipose stores in obesity or systemic immune modula
tion). Late modulators of disease are complex and involve multiple 
systemic cofactors that are related to environmental or stimulus‐
dependent DNA variants that are unlikely to be of genomewide 
s ignificance in a GWAS.

Case–control overlap
In the control populations sampled in GWAS studies for common 
complex disorders such as CAD, who did not have clinically mani
fest CAD or MI, it is inevitable that many had subclinical atheroscle
rotic disease and CAD. Therefore, using a GWAS study design, the 
power to detect subtle variants associated with CAD was almost cer
tainly eroded because of the inclusion of persons with significant but 
subclinical CAD in the control population. In the absence of rigor
ous screening methods such as angiography, which is clearly imprac
tical when recruiting many thousands of healthy controls as required 
for GWAS, it is impossible to exclude this confounding effect.

These limitations to the GWAS design, namely case–control 
overlap, lack of accounting for environmental factors, and bias 
toward genetic variants with a protracted period of effect, have 
implications for how we interpret the CAD risk alleles identified 
using GWAS. For example, because the GWAS design favors the 
identification of genes that have a role during early CAD develop
ment, these early phase genes are likely to be best suited to develop 
preventative measures for patients with these loci in addition to the 
development of disease therapies targeted toward inhibiting early 
disease development. A key limitation of identifying genes that are 
involved early in disease pathogenesis includes not being able to 
identify risk factors for secondary prevention and lack of develop
ment of therapies targeted toward the later, more rapidly progres
sive phases of CAD implicated in clinical manifestations such as MI 
and stroke.

Analysis of the validated genes linked to the CAD GWAS loci 
(Table  48.1) further confirms this outlook [10]. Of the 50 genes 
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identified, 10 are involved in regulating lipid levels, including high 
density lipoprotein and triglycerides (Table  48.1) [7]. Circulating 
lipids have a major role in early atherosclerosis development; this 
supports the notion that targeting of the loci identified in GWAS 
would be most useful in primary prevention, also supported by data 
demonstrating that LDL lowering leads to regression of atheroscle
rosis more significantly in early than in advanced lesions [29]. 
Other CAD risk loci identified so far include genes related to hyper
tension (Table 48.1), which contributes to early endothelial cell acti
vation and with hypertension having little impact on disease 
progression in the later phases of atherosclerosis. Indeed, most of 
CAD‐associated loci identified by GWAS have been implicated in 
early CAD development with the exception of the ABO locus 
(Table 48.1), highlighting that context‐ and environmental‐dependent 
variants and those operative late in the disease process are likely 
to be under‐represented.

Integration of GWaS findings into 
future models of disease: systems 
genetics to identify networks mediating 
pathogenesis of disease and key 
regulatory pathways
Given the complexity of CAD and that GWAS tends to identify 
genes and loci associated with the early phases of disease develop
ment, the next question that arises is how to best identify later phase 
genetic loci that are dependent on environmental contexts and that 

are activated over a shorter course of time. Systems genetics is rap
idly coming to the forefront as a potential solution to this issue 
[42–45]. Systems genetics works to identify key drivers of disease 
through the use of network models of interacting molecular path
ways by integrating the analyses of both DNA and genomic (e.g., 
RNA, protein) datasets. Systems genetics data can be enriched by 
integration with GWAS datasets, and then ultimately used to iden
tify and characterize DNA variants that contribute to the pathogen
esis of late phases of complex diseases. The expectation is that 
systems genetics will also facilitate the development of diagnostic 
tools and the identification of new treatment targets for these com
plex diseases, with the goal of prevention of further remodeling and 
perhaps regression of current disease.

For common complex diseases such as CAD, the mere isolated 
effect of the individual genetic variants and/or genes as identified 
by GWAS does not explain the intrinsic complexity of the molecu
lar disease processes. These diseases have polygenic regulation that 
involves the interaction of multiple genes within a complex and 
dynamic biologic network. These types of networks are sparse, with 
most genes (denoted as nodes) having a limited number of interac
tions with other genes (edges), with a small number of highly inter
connected nodes acting as hubs given their multiple interactions 
(Figure 48.3) [46]. By studying measures of gene activity and creat
ing network models of disease, systems genetics can identify these 
highly interconnected nodes [47]. Particularly important nodes can 
be considered as key drivers of any given disease process. By apply
ing these approaches and the development of new technologies 
for  screening genomes and studying genomic activity, and the 

MYOSC

GIMAP4

GIMAP2

CLIC2

TMEM71

CLEC1A

PPP1R16B

PTPRB

EMCN MYRIP

PDE2A

ARHGEF15

EDGE1

GIMAP6
CYYR1

OLFML2A ROBO4
CALCRL

TEK

AFAP1L1 LAMA4

TM43F18

PCDH12TIE1

C20orf160

KDR

SOX7

LDB2

FLI1

BCL6B

CDH5

CLEC15A

ADCY4

EPHB4
FUT1

ANKRD47

CARD10

SH2D3C

SOX17

GRRF1

VWF

GPR115NOSTRIN
ANKRD29

SHE

PECAM1

PRKCH

C4orf32

TNFSF10

Figure 48.3 CAD regulatory network. This CAD regulatory network was identified by the team in the STAGE study. Regulatory genes are shown 
in black. Of these, Lim‐domain binding 2 (LDB2) was found to be a high‐hierarchy regulator of the transendothelial migration of leukocytes 
(TEML) pathway in atherosclerosis development, with a functional LDB2 variant (eQTL rs 10939673) linked to an increased risk for CAD [6,92]. 
Source: Hagg et al. 2009 [6]. Reproduced under the Creative Commons Attribution (CC BY) license.



466 PART II Interventional Pharmacology SECTION III Pharmacological Testing

advancement of computational analysis of growing datasets, we 
now appear poised for the large‐scale application of system genetics 
to biology, medicine, and healthcare.

An example of this includes the STAGE (Stockholm Ather
osclerosis Gene Expression) [6] and STARNET (Stockholm‐Tartu 
Atherosclerosis Reverse Network Engineering Task) studies 
(Figure 48.3). With STAGE as the pilot forerunner study, STARNET 
is a landmark genetics‐of‐RNA‐expression study comprising 925 
CAD cases who had coronary artery bypass graft surgery and 207 
controls without CAD who had open‐thorax surgery. Each subject 
underwent DNA sampling, clinical characterization, angiographic 
assessment of CAD burden, and RNA isolation from up to nine 
CAD‐relevant tissues: atherosclerotic (aorta) and non‐atherosclerotic 
(internal mammary artery) arterial wall, liver, abdominal and sub
cutaneous fat, skeletal muscle, whole blood, and macrophages and 
foam cells differentiated from primary monocytes in vitro. RNA 
from these samples was then sequenced and extensive expression 
datasets were generated. The utility of these datasets includes: (i) to 
identify causal regulatory factors that potentially drive molecular 
mechanisms behind disease processes made possible through the 
study of multiple tissues involved in the pathogenesis of CAD; and 
(ii) to identify DNA variants that are involved in controlling gene 
expression in these networks. Furthermore, as these studies are pri
marily based on RNA expression data reflecting both genetic and 
environmental influences, this type of approach should permit the 
study of complex diseases in the later stages of disease pathogenesis, 
where the regulatory factors are more likely to be dependent on 
environmental contexts, including multiorgan cross‐regulation. 
The STAGE/STARNET dataset can be used to identify expression 
quantitative trait loci (eQTLs) in CAD [48–52]; eQTLs are gener
ally DNA variants, usually SNPs, that regulate gene expression lev
els. eQTLs are determined by linking the alleles of SNPs discovered 
by genotyping patient’s DNA with gene expression levels from the 
different tissues. Thus, SNP alleles can be associated with different 
gene expression levels of tissues and can be identified as eQTLs. It is 
expected that this approach will help elucidate the large fraction of 
unknown heritability behind complex diseases and contribute to 
the development of novel molecular diagnostics and individually 
tailored therapies in healthcare.

Pharmacogenomics and interventional 
cardiology
Clopidogrel pharmacogenetics
Moving away from the genetics of CAD and to other relevant situa
tions in the catheterization laboratory where pharmacogenetics has 
a key role, in recent times a large amount of data has emerged to 
highlight the importance that genetic influences have in the indi
vidual response to clopidogrel therapy. Indeed, despite the fact that 
clopidogrel remains the current cornerstone of antiplatelet therapy 
for patients undergoing percutaneous coronary intervention (PCI) 
for stable CAD, approximately 4–30% of patients do not respond 
adequately to this agent [53,54]. This is supported by pharmaco
logic studies that demonstrated ex vivo ADP‐stimulated platelet 
reactivity (a surrogate marker of clopidogrel response) varies sub
stantially in patient populations treated with clopidogrel [53,55]. 
Patients who have undergone recent stent implantation who receive 
clopidogrel and who exhibit high on‐treatment platelet reactivity 
(HTPR) are more likely to develop a recurrent adverse clinical event 
[56]. While several clinical and demographic factors affect clopi
dogrel efficacy, the contribution of these factors is relatively modest 

[57]. However, genetic studies have revealed several SNPs that 
s ignificantly influence clopidogrel response. Specifically, genetic 
variants in genes responsible for clopidogrel transport and bioavail
ability (ATP‐binding cassette subfamily B member 1 (ABCB1) [58–
63], hepatic metabolism (CYP enzymes) [64–66], paraoxonase 1 
(PON1) [67–70], carboxylesterase 1 (CES1) [71,72], and receptor 
interaction/activation (P2Y12) [73–75]) have been shown to have a 
role in clopidogrel pharmacodynamics, pharmacokinetics, and 
subsequent cardiovascular event rates. While it is possible to per
form testing for these genetic variants, at present such testing has 
not been shown to be clinically efficacious and is currently given a 
IIb recommendation (level of evidence C) by the AHA/ACC, with 
the comment: “Genotyping for a CYP2C19 loss of function variant 
in patients with UA/NSTEMI (or, after ACS and with PCI) on 
P2Y12 receptor inhibitor therapy might be considered if results of 
testing may alter management” [76]. The TAILOR‐PCI study is a 
multisite, prospective, randomized study that is currently recruiting 
patients and which seeks to use genetic testing for the *2 and *3 
CYP2C19 alleles to determine whether choosing clopidogrel versus 
ticagrelor based on these genotype data will influence major adverse 
cardiovascular events. It is hoped that this study will give definitive 
proof as to whether genetic testing for likely responsiveness to 
clopidogrel has a role in the care of patients post‐PCI requiring 
antiplatelet therapy.

Warfarin pharmacogenetics
Warfarin is widely used for the treatment and prevention of throm
boembolic diseases, but is characterized by its narrow therapeutic 
index, individual variability in response, high rates of adverse 
events, and requirement for cautious patient selection and frequent 
adjustment for therapeutic dosing [77–79]. Standard dosing for 
warfarin is 2–6 mg/day; however, the effective daily dose varies 
from 0.5 to more than 30 mg in the general population. 
Subtherapeutic dosing results in a risk of failing to control blood 
clotting, whereas supratherapeutic dosing can lead to excessive and 
uncontrolled bleeding. Genetic polymorphisms of a number of 
enzymes involved in the mechanism of action and pharmacokinet
ics of warfarin have been demonstrated to be pivotal in determining 
the individual variability in response to warfarin therapy. Those 
studied include polymorphisms of VKORC1 and CYP2C9 [80–84], 
as well as genes that indirectly influence warfarin anticoagulation: 
GGCX [85], CALU [86], and PROC [87]. Of these, VKORC1 poly
morphisms account for approximately 25% of the variability in war
farin dosage and many studies have consistently shown that 
VKORC1 genotype is the single biggest predictor of warfarin dose 
[88]. Those that carry the 1173 T/T allele of VKORC1 require 
approximately 30–50% less warfarin daily dose than patients with 
wild‐type 1173C/C allele, while polymorphisms in the coding 
regions of VKORC1 lead to varying degrees of drug resistance. 
Patients who carry the CYP2C9*2 and ‐*3 alleles have a reduced 
capacity for metabolizing (S)‐warfarin, resulting in supratherapeu
tic levels. However, variability in warfarin efficacy is a complex 
issue that involves more than just the genotypes of CYP2C9 and 
VKORC1. Other factors, including age, gender, diet, drugs, and 
BMI, contribute another 20% (reviewed in [89,90]). Beyond these 
factors, there still exist further unidentified factors that account for 
almost 50% of variability of response to warfarin. Potentially, this 
complexity in the genetics and other factors that influence warfarin 
efficacy led to the failure of the much anticipated COAG study to 
find a benefit of genetic testing to aid in the initial choice of warfa
rin dose [91]. In the COAG study, over 1000 patients who were 
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being initiated on warfarin were assigned to receive an initial dose 
using an algorithm based on genotype plus clinical data versus clin
ical data only. Unfortunately, genotype‐guided warfarin dosing did 
not improve anticoagulation control during the first 4 weeks of 
therapy and at the current time there is no clinical indication for 
such testing. Nevertheless, although the newer novel oral anticoag
ulant medications have rapidly displaced warfarin as the agent of 
choice in eligible patients, the continued need for warfarin in spe
cific patient subsets and its far lower cost appear to support further 
studies to identify important networks responsible for variability in 
drug response. These data would potentially help in improving 
therapeutic response, reduce adverse effects, and assist in reducing 
overall healthcare costs.

Conclusions
GWAS have played a critical part in identifying risk variants that 
partially explain the heritability of common complex diseases such 
as atherosclerosis and CAD. These risk variants have facilitated the 
identification of new molecular pathways that are involved in the 
pathogenesis of disease. However, the GWAS design appears to 
have limitations, and in particular it likely overlooks context‐
dependent risk variants (i.e., those that only exert risk when a spe
cific environmental stimulus or factor is also present). These 
environment or context‐dependent factors are likely to be most 
influential during the later and complex stages of common complex 
disease development and are therefore thought to exert a significant 
effect on molecular processes that are active in short timeframes 
during the later stages of CAD, such as the events in the weeks lead
ing up to plaque rupture and MI. As we move into a new era of 
genetic studies where systems genetics assumes a major role in our 
investigative approach, further study of disease‐causing networks is 
expected to uncover key biologic pathways involved in the patho
biology of common complex diseases, including CAD. In turn, it is 
anticipated that our improved understanding of these causal disease 
networks will permit the development of improved diagnostic 
tools, enhanced risk stratification, and novel therapeutic applica
tions. Specific to the catheterization laboratory, as we unravel the 
causal molecular pathways that promote CAD and adverse vascular 
remodeling, it is certainly possible that novel stent platforms 
and  adjunctive pharmacotherapies will also be developed which 
leverage this improved genetic and biologic knowledge.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Closure of a coronary vessel has been the biggest concern with 
p erforming interventions since the beginnings of percutaneous 
transluminal coronary angioplasty (PTCA). Thrombosis remains a 
prominent concern despite the advances in percutaneous coronary 
intervention (PCI), especially with stenting. Thrombogenic poten
tial exists in a newly placed stent until there is complete endo
thelialization [1], after ~28 days for bare metal stent and longer for 
drug‐eluting stents because of delayed neointimal proliferation 
[2,3]. There is extensive clinical evidence that the use of antithrom
botic therapy lowers the risk of vessel closure during and after PCI. 
Anticoagulation and dual antiplatelet therapy with stent placement 
is a standard of treatment with Class I indication according to cur
rent practice guidelines [4]. Anticoagulation has been used since 
before the stent era and, although not as rigorously studied as anti
platelets in PCI, it remains a routine part of therapy for two major 
reasons: preventing arterial thrombus formation and reducing 
thrombogenicity of catheters and guidewires used during the 
i nvasive procedures [5].

Since PTCA was first described [6,7], and the breakthrough stud
ies on the role of stents [8,9], the evolution in anticoagulation and 
antiplatelet therapy used during PCI has led to reductions in peri‐
procedural ischemic events and stent thrombosis [10]. There is a 
significant trade‐off with higher risk of major and minor bleeding 
when using greater combinations and doses of anticoagulation and 
antiplatelet for protection against thrombogenic and embolic events 
[11]. This chapter describes each of the commonly used antiplatelet 
and anticoagulants used at time of PCI with specific focus on drug 
monitoring and reversal, if applicable.

Anticoagulants
Exposure of clotting factors to disrupted endothelium, catheters, 
and guidewires predisposes to thrombosis during catheterization. 
Anticoagulation therapy is used to minimize thrombus propagation 
on the endovascular surface and formation of new thrombi from 
PCI equipment use [5,12]. Ideal anticoagulation would effectively 
prevent thrombus formation, have low risk of bleeding, a safe 
m onitoring profile, short duration of effect (half‐life), and could be 

reversed if necessary. Anticoagulants used during PCI include 
unfractionated heparin (UFH), low molecular weight heparin 
(LMWH), direct thrombin inhibitors, and indirect factor Xa 
i nhibitors (Table 49.1) [12,13].

Unfractionated heparin
Thrombus propagation occurs when thrombin is produced on the 
surface of activated platelets, converting fibrinogen to fibrin. 
Fibrin is cross‐linked with factor XIIIa reinforcing platelet aggre
gation and culminating in clot formation. Heparin combines with 
anti thrombin to indirectly inactivate thrombin, factors Xa, and 
intrinsic pathway factors XIIa, XIa, and IXa [14,15]. UFH has been 
proven to be beneficial in the treatment of unstable angina or 
m yocardial infarction (MI; not treated with thrombolytic therapy) 
[16–18]. While anticoagulants have been shown to inactivate von 
Willebrand factor there may be differences between anticoagu
lants in curbing its release. Enoxaparin lessens the release more 
than UFH. This can be important in patients with unstable angina 
when there may be an early rise of von Willebrand factor. This 
early release of von Willebrand factor is associated with worse 
o utcomes [19,20].

Use of intravenous (IV) UFH given before PCI to prevent intra
coronary thrombosis was started at the time of the very first percu
taneous intervention by Andreas Gruntzig and has remained the 
gold standard through the current age of routine stenting and use of 
dual antiplatelets [5]. In the early phases of PTCA the vessel closure 
rate during or after dilatation was 2–11% [21]. Use of UFH lowered 
these rates but there remained a risk for closure because there was 
no clear consensus for proper dosing. Changes in heparin dosing 
recommendations and the increasing use of radial artery access 
have reduced the incidence of ischemia and bleeding events 
when  UFH is used in preference to alternative anticoagulants 
[12,22]. Unfractionated heparin remains the most commonly used 
a nticoagulant despite the availability of newer medications.

Despite UFH being the most widely used anticoagulant there are 
several limitations to its use beyond the risk of bleeding seen in all 
anticoagulants. UFH has a less predictable pharmacologic profile. 
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Several of the heparin‐binding proteins are acute phase reactants 
which typically become elevated in the setting of unstable angina or 
MI. Studies have confirmed that thrombin bound to fibrin is pro
tected from inactivation by heparin [23]. Additionally, there is 
decreased affinity of antithrombin III when factor Xa is bound to 
phospholipid surfaces within a prothrombinase complex which 
accounts for the variable affect with UFH [24,25]. There may even 
be a prothrombotic risk (outside of heparin‐induced thrombocyto
penia) because of its weaker control of von Willebrand factor, pos
sibility of rebound thrombin generation after its discontinuation, 
and platelet activation and enhanced aggregation with therapeutic 
concentrations of UFH [19,20,26]. Because of its unpredictability 
UFH needs close continual monitoring, especially while being used 
during PCI.

Monitoring
Monitoring of UFH is typically with activated partial thromboplas
tin time (aPTT). There are variations in response to heparin 
amongst different commercial aPTT reagents [27]. Another prob
lem is that aPTT becomes prolonged when heparin concentrations 
exceed 1 U/mL [25]. This is typically the case during coronary 
artery bypass surgery and PCI when very high doses of heparin are 
utilized. Monitoring is performed in these cases by using activated 
clotting time (ACT). Earlier studies in the aspirin‐only era identi
fied a narrow therapeutic window for UFH and that lower ACT 
levels could be associated with higher incidence of ischemia [28–
30]. One meta‐analysis identified an optimal ACT range of 350–375 
in patients undergoing PCI. This was associated with a 6.6% 
ischemic event rate defined by the composite endpoint of death, 
MI, or urgent revascularization at 7 days. The relative risk reduction 
in ischemic events at 7 days was 34% with these higher levels of 
ACT. The lowest level of bleeding (8.6%) was observed in the range 
of 325–350 seconds, and it progressively increased to 12.4% at 
350–375 s. There was a substantial increase in bleeding events when 
ACT values exceeded 400 s [31]. In contrast, a subanalysis from the 
more recent STEEPLE trial suggested that an ACT of 325 s was the 

optimal target when balancing risk with benefits. This paralleled 
similar findings from a meta‐analysis carried out by Brener et al. 
[32] showing no further protection against ischemic events but a 
greater bleeding risk with higher ACT levels. This holds true espe
cially in the modern era of PCI when P2Y12 and glycoprotein IIb/
IIIa (GP IIb/IIIa) inhibitors are frequently used. Based on these 
results, lower ACT levels to the low 200 s are not associated with 
lower incidences of ischemia but higher ACT levels and weight 
indexed dosing of UFH can lead to more bleeding [32,33].

It is important to recognize the different models for measuring 
ACT levels can have different results [34]. The 2011 PCI guidelines 
recommend an ACT level of 200–250 s following an initial UFH 
bolus of 50–70 U/kg when GP IIb‐IIIa inhibitors are used. ACT lev
els of 250–300 s (for HemoTec device) or 300–350 s (for Hemochron 
device) following an initial bolus of 70–100 U/kg UFH are the goals 
when not using glycoprotein inhibitors [4].

Reversal
Heparin has a relatively short half‐life; however, it has a non‐linear 
response when used at therapeutic doses. The half‐life of heparin 
increases from ≈ 30 minutes after an intravenous (IV) bolus of 25 U/
kg to 60 minutes with an IV bolus of 100 U/kg and 150 minutes with 
a bolus of 400 U/kg [15]. Intravenous protamine sulfate can be used 
when immediate reversal of heparin is needed. One milligram (mg) 
of protamine sulfate will neutralize 100 units of heparin (e.g., 50 mg 
protamine sulfate should be given for heparin IV bolus of 5000 
units). When a patient is on continuous heparin infusion, only the 
preceding 1–2 hours of heparin needs to be considered for dosing of 
protamine sulfate because of the short half‐life of heparin (e.g., 
25 mg protamine sulfate given to neutralize heparin at 1200 units/
hour for the past 2 hours). Slow infusion of protamine can reduce the 
chances of bradycardia, hypotension (no faster than 20 mg/minute 
and no more than 50 mg in any 10‐minute period). The aPTT should 
normalize after administration of protamine. As  protamine is 
derived from fish sperm, patients with allergic reactions to fish can 
be pretreated with corticosteroids and/or antihistamines [35–37].

Table 49.1 Types and properties of common anticoagulant agents.

Mechanism of action
Onset of action
(half‐life)

Method of 
monitoring

Recommended 
point‐of‐care test Reversal for bleeding

UFH Inactivates thrombin, 
factors IXa, Xa, XIa, XIIa

Immediate, IV (dose, 
dependent, 30–90 min)

aPTT ACT Protamine sulfate (1 mg per 
100 units UFH)

LMWH Inactivates thrombin 
(less affinity) and factor 
Xa (higher affinity)

Immediate, IV 3–5 
hours, SQ (3–6 hours)

Anti‐factor Xa 
level

None Partial with protamine sulfate 
(1 mg per 100 anti‐Xa units or 
1 mg per 1 mg enoxaparin)

Bivalirudin Transiently inhibits 
thrombin

<5 minutes, IV
(25 minutes, longer 
with renal failure)

ACT ACT None*

Argatroban Reversibly inhibits 
thrombin

Immediate, IV (30–60 
minutes)

aPTT ACT None*

Fondaparinux Inactivates factor Xa 2 hours, SQ (17–21 
hours)

Anti‐factor Xa None None*

ACT, activated clotting time; aPTT, activated partial thromboplastin time; IV, intravenous; LMWH, low molecular weight heparin; SQ, subcutaneous;  
UFH, unfractionated heparin.
* Recombinant factor VIIa can be used to help reduce bleeding.
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Low molecular weight heparin 
(enoxaparin)
Low molecular weight heparin (3000–5000 Daltons) is produced by 
chemical or enzymatic depolymerization of UFH (weight ranges 
3000–30,000 Da) [38]. This change in molecular weight and size 
creates several important differences between UFH and LMWH. 
Heparin has a unique pentasaccharide sequence allowing it to bind 
to antithrombin, causing a conformational change and inactivating 
factor Xa. A ternary complex must be formed to inactivate throm
bin–heparin binding to antithrombin and thrombin. This complex 
can only be formed by pentasaccharide chains consisting of 18 
s accharide units. UFH is composed of at least 18 saccharide units; 
however, LMWH typically has shorter chain units. This creates an 
important difference in that LMWH has a much higher affinity for 
factor Xa than UFH which has equal activity against factor Xa and 
thrombin. Even enoxaparin and other LMWHs (e.g., dalteparin, 
tinzaparin) differ in size resulting in differing ratios of anti‐Xa to 
thrombin effect: enoxaparin has a ratio of 4 : 1 and dalteparin has a 
ratio of 2 : 6 [12,25,37,39–41]. Enoxaparin is the most studied and 
currently the only recommended LMWH for use during PCI.

LMWH has a more predictable anticoagulant profile and can be 
given intravenously or subcutaneously in fixed or weight‐adjusted 
doses without routine monitoring (renal insufficiency, obesity, and 
children are exceptions) [35]. Less binding of LMWH to plasma 
proteins is a major reason for this which establishes better bioavail
ability, longer half‐life, and dose independent clearance [23,37,42]. 
LMWH reduces the risk of bleeding because it causes less vessel 
wall permeability, less platelet activation, less susceptibility to 
i nactivation by platelet factor 4, and less risk of heparin‐induced 
thrombocytopenia (HIT) than UFH [42,43], although clinical data 
supporting this are inconclusive.

Further exploration of using LMWH rather than UFH for 
patients with acute coronary syndrome (ACS) during PCI was 
because of its potentially better predictability and less harmful 
effects. Gurfinkel et al. [44] first noted a decrease in rates of silent 
ischemia, recurrent angina, revascularization, and minor bleeding 
in the group that received LMWH and aspirin versus UFH and 
aspirin when used for treatment of unstable angina. The FRIC trial 
found no significant differences between LMWH and UFH when 
used for treatment of unstable angina or non‐Q wave MI [45]. 
Several other studies showed support for LMWH over UFH. TIMI 
11B and ESSENCE separately showed superiority of enoxaparin 
over UFH in reducing endpoints of death, non‐fatal MI, and urgent 
revascularization when used for treatment of unstable angina and 
non‐ST elevation myocardial infarction (NSTEMI). A meta‐
a nalysis of the two studies showed persistence of lower endpoints 
through 43 days. There was a significant increase in minor bleeding 
but not for major bleeding rates [46–48]. The SYNERGY trial 
showed enoxaparin was not inferior to UFH but may have a slightly 
increased risk of bleeding. However, there were a non‐negligible 
number of patients who crossed over to the other antithrombotic 
agent, confounding the interpretation of the results. The study con
cluded that despite an increase in bleeding, enoxaparin is likely 
superior when used as initial first‐line therapy without changing to 
UFH [49]. Crossing over or giving additional UFH after initially 
treating with enoxaparin should be avoided as supported by the 
STACKENOX trial [50].

The STEEPLE trial compared the use of enoxaparin with UFH 
and GP IIb/IIIa inhibitors in patients undergoing elective PCI. 
Results showed enoxaparin (compared to UFH) had a significant 
increase in achieving target anticoagulation levels and bleeding 

rates were similar to or lower than those with UFH (depending on 
dose used at time of elective PCI) [51]. This further supports the 
better bioavailability and predictability of LMWH over UFH with
out the need for close monitoring [19]. Use of intravenous enoxapa
rin in combination with glycoprotein inhibitors was shown to be a 
safe alternative to UFH when used during PCI in the NICE 1 and 
NICE 4 studies (dosed at 1 and 0.75 mg/kg, respectively). NICE 3 
showed the combination can also be used safely as initial anticoagu
lation for ACS and continued during the transition to the catheteri
zation laboratory for PCI [43,52]. Bhatt et  al. [53] performed a 
randomized study comparing enoxaparin with GP IIb/IIIa inhibi
tors versus UFH with GP IIb/IIIa inhibitors. The results showed no 
significant difference in bleeding and enoxaparin was no less effica
cious than UFH when used during urgent or elective PCI. A meta‐
analysis of 13 studies carried out by Dumaine et al. [54] showed that 
use of LMWH was associated with less major bleeding and no dif
ferences in endpoint of death and MI when compared to UFH. 
There may also be less incidence of bleeding associated with sheath 
removal [53,55].

Monitoring
Despite the safe findings demonstrated in previous trials using 
LMWH and GP IIb/IIIa inhibitors, there remains concern over 
monitoring therapeutic levels of anticoagulation especially in select 
populations (i.e., elderly, obesity, renal failure). Because LMWH has 
minimal effect on thrombin it has only a modest effect on aPTT 
levels. Unlike UFH, where ACT is the standard for monitoring dur
ing cardiac catheterization, LWMH does not significantly prolong 
ACT levels and cannot be reliably used during PCI [56,57]. 
Measuring anti‐factor Xa levels most accurately reflect LMWH 
l evels because of its predominant anti‐factor Xa activity [58]. Peak 
anti‐factor Xa levels occur 3–5 hours after a subcutaneous dose of 
LMWH but are longer in patients with renal insufficiency [37]. An 
optimal anti‐factor Xa level has not been clearly defined; however, a 
therapeutic range of 0.5–1.8 IU/mL has been suggested based on 
several studies [52,59–62]. The standard anti‐factor Xa activity 
laboratory study is not a method that can be readily used at the time 
of a catheterization procedure. In this scenario, a point of care test 
(POCT) can be useful to determine if a patient is therapeutically 
anticoagulated at the time of PCI [63]. Several POCT methods have 
been developed for this purpose but are not widely used clinically.

Previously, the Rapidpoint ENOX test was used to determine 
appropriate therapeutic ranges of anticoagulation specifically for 
enoxaparain but this test was never commercially available [64,65]. 
The Heptest is a clotting assay that is sensitive to both low molecu
lar compounds with exclusive anti‐factor Xa activity as well as 
agents affecting anti‐factor IIa. Its correlation with both assays 
makes it useful when needed to monitor LMWH as well as UFH 
[58]. HEMONOX clotting time (CT) is a POCT used to monitor 
LMWH. An observational study by Rouby et al. [63] showed good 
correlation between HEMONOX CT and anti‐Xa activity levels in 
two treatment groups at time of PCI: enoxaparin plus GP IIb/IIIa 
inhibitor and enoxaparin alone. Prior to administration of enoxa
parin, the baseline levels of HEMONOX CT <100 s correlated with 
an undetectable anti‐Xa level. The HEMONOX CT and anti‐Xa lev
els showed similar increasing levels at 5 minutes and peak levels at 
10 minutes. There was less of an increase in both HEMONOX CT 
and anti‐Xa levels in the enoxaparin plus GP IIb/IIIa group versus 
the enoxaparin alone group. The HEMONOX CT for patients 
receiving enoxaparin alone was 257 ± 95 s (130–431 s) versus 
207 ± 74 s (104–386 s) in patients receiving enoxaparin plus GP IIb/
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IIIa inhibitors. This corresponded with peak anti‐Xa levels of 
0.86 ± 0.11 (0.69–1.14) U/mL for enoxaparin alone group and 
0.78 ± 0.12 (0.61–1.10) U/mL for the enoxaparin plus GP IIb/IIIa 
group. Despite the corresponding lower levels in presence of GP 
IIb/IIIa, the anti‐Xa levels remained within the recommended ther
apeutic ranges of 0.6–1.8 U/mL at time of PCI. There were similar 
decreases in HEMONOX CT and anti‐Xa levels at 30 and 60 minutes 
following administration of enoxaparin in both treatment groups. 
Although this was a small observational study, the significant 
correlation between HEMONOX CT and anti‐Xa levels during PCI 
support its potential use as a POCT for enoxaparin [63].

Monitoring is not indicated in all situations but may be warranted 
in certain populations that may be at higher risk of bleeding (e.g., 
increased age, history of gastrointestinal bleeding, renal insuffi
ciency) [58]. The clearance of LMWH’s anti‐Xa effect is largely cor
related with creatinine clearance and its decreased clearance poses 
greater risk for major bleeding events [66]. Monitoring and dosing 
of different LMWH agents in obese patients have been studied. 
Anti‐factor Xa activity levels increased to appropriate levels when 
administered based on body weight up to 144 kg for enoxaparin, 
190 kg for dalteparin, and 165 kg for tinazaparin [37]. Until there is 
a universally accepted recommendation for monitoring, the guide
lines advocate additional dosing of LMWH before PCI to be depend
ent on timing of the most recent dose. No additional anticoagulation 
therapy is needed if the last dose of enoxaparin was less than 8 hours 
prior to PCI. If the last dose of enoxaparin was 8–12 hours prior to 
PCI, a 0.3 mg/kg bolus of IV enoxaparin at time of PCI is recom
mended. If the last dose of enoxaparin was more than 12 hours prior 
to PCI then conventional anticoagulation therapy is advised [67].

Reversal
The half‐life of LMWH is 3–6 hours after subcutaneous administra
tion but is longer in patients with kidney disease. A major concern 
for most clinicians in using LMWH is that there is no proven rever
sal agent. Protamine sulfate only partially reverses the effects of 
LMWH because while it neutralizes the anti‐factor IIa activity, it 
has little to no effect on the anti‐Xa activity [68]. When immediate 
reversal is needed, it is generally recommended to give 1 mg prota
mine sulfate per 100 anti‐Xa units of LMWH given in the last 
8 hours (where 1 mg enoxaparin equals 100 anti‐Xa units). A second 
dose of 0.5 mg protamine sulfate per 100 anti‐Xa units (or per 1 mg 
enoxaparin administered) can be given if bleeding continues. 
The maximum single dose of protamine sulfate is 50 mg [69].

pentasaccharides (fondaparinux)
Fondaparinux is a synthetic derivative of the natural pentasaccha
ride sequence found in heparin. This works through antithrombin 
to inhibit factor Xa with greater specificity than UFH and LMWH. 
Fondaparinux does not directly inhibit thrombin because it is a 
short molecule and unable to form a bridging complex between 
antithrombin and thrombin. Fondaparinux is subcutaneously 
injected, reaches peak levels in 2 hours, and is excreted in urine with 
a half‐life of 17 hours in a younger population and ~21 hours in the 
elderly. Like LMWH, fondaparinux has less binding to other plasma 
proteins as seen with UFH. It is typically administered once daily 
without monitoring because of its long half‐life, bioavailability, and 
predictable anticoagulant response. It is contraindicated in renal 
insufficiency (creatinine clearance less than 30 mL/min) [13,35,37].

Several studies have supported fondaparinux as a safe and 
e ffective alternative for anticoagulation in setting of ACS and PCI. 

The PENTALYSE study revealed that administration of pentasac
charide inhibiting factor Xa with alteplase can be as safe and 
e ffective at revascularizing as UFH with alteplase in patients with 
STEMI. There were similar coronary patency rates seen by angiog
raphy after 90 minutes but a trend toward lower re‐occlusions in the 
culprit coronary artery and less revascularizations after 5–7 days 
[70]. The PENTUA study suggested that fondaparinux has similar 
safety and efficacy to enoxaparin when used for treatment of ACS 
without ST‐elevation and not undergoing revascularization within 
48 hours. This study showed no significant dose responses between 
different doses of fondaparinux (2.5, 4, 8, and 12 mg once daily). 
There were no significant differences in fondaparinux plasma con
centrations between groups with primary endpoints (i.e., death, MI, 
and recurrent ischemia) and those without primary endpoints. 
Similarly, non‐significant differences in plasma concentrations 
were seen in groups with bleeding versus those without bleeding. 
The lowest primary event rate was seen in the fondaparinux 2.5 mg 
dose group. Also, no major bleeding events occurred in the fonda
parinux 2.5 mg and enoxaparin groups [71]. OASIS 5 held up the 
notion that fondaparinux was non‐inferior to enoxaparin in the 
subsequent 9 day endpoint outcomes of death, MI, and refractory 
ischemia when used for treatment of high risk unstable angina or 
NSTEMI. Fondaparinux was superior to enoxaparin in respect to 
significant reductions in major bleeding at 9 days, deaths at 30 days, 
and deaths at 180 days [72]. The results from the ASPIRE study 
showed fondaparinux was just as efficacious and safe as using UFH 
for patients undergoing elective or urgent PCI, regardless whether 
or not a GP IIb/IIIa inhibitor was being used. In this trial, fonda
parinux was given in 2.5 or 5 mg doses. There were no significant 
differences in bleeding complications between the two doses but 
there was a trend for lower incidences with the 2.5 mg dose. The 
procedural success rate was high in all groups with a slightly better 
percentage in the higher dose fondaparinux group: 96.3% for UFH; 
96.5% for fondaparinux 2.5 mg; and 98.4% for fondaparinux 5 mg 
[73]. In patients with STEMI treated conservatively and not under
going PCI, OASIS 6 showed reductions in death and recurrent 
infarction without increased risk of bleeding events when using 
fondaparinux compared to UFH [74].

Further pooled analysis into OASIS 5 and 6 trials supported 
the  net clinical outcomes favoring fondaparinux over heparin 
 therapies, which was mainly driven by reduction in bleeding 
events. Despite this positive finding there was higher rate of 
 catheter‐related thrombosis in OASIS 5 and likewise in OASIS 6 
when fondaparinux was not used with UFH. OASIS 6 study showed 
a significantly higher 30‐day rate of death or reinfarction when 
fondaparinux is used alone during primary PCI as part of therapy 
for STEMI, compared with the UFH group. This risk of catheter‐
related thrombus with fondaparinux was minimized without an 
increase in major bleeding when UFH (50–60 IU/kg) was given in 
the catheterization laboratory immediately before PCI [75]. Based 
on these findings, current guidelines recommend use of additional 
agents with activity against factor IIa when using fondaparinux 
for primary PCI [4].

Monitoring
Monitoring for fondaparinux is not routinely recommended. A fon
daparinux specific anti‐Xa assay can be used when needed but there 
is no clearly established therapeutic range, unlike LMWH. Peak 
steady state when using therapeutic doses of fondaparinux (e.g., 
7.5 mg) should be 1.20–1.26 mg/L 3 hours after dosing [37]. Currently, 
there is no point of care test available for use during PCI [13].
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Reversal
Despite the reductions in major bleeding rates identified in previ
ous trials, there remains a concern for bleeding complications 
because of its long half‐life. Fondaparinux does not bind to prota
mine sulfate, unlike UFH and LMWH [37]. Recombinant factor 
VIIa is recommended for uncontrolled bleeding attributed to fon
daparinux. Recombinant factor VIIa is able to overcome thrombin 
inhibition by fondaparinux and has been shown to normalize the 
prolongation of aPTT and prothrombin time (PT) [76].

Direct thrombin inhibitors  
(bivalirudin, argatroban)
Use of direct thrombin inhibitors has shown benefit in preventing 
ischemic complications from PCI [77,78]. Direct thrombin inhibi
tors do not require antithrombin as a cofactor, unlike UFH, LMWH, 
and fondaparinux. Direct thrombin inhibitors are able to directly 
inhibit both circulating thrombin and clot‐bound thrombin. They 
are also more predictable than heparins because they do not acti
vate platelets (thus not neutralized by platelet factor 4 when plate
lets are activated) and do not bind to plasma proteins [79]. Without 
platelet activation there is no interaction with platelet factor 4, thus 
eliminating the possibility of immune‐mediated heparin‐induced 
thrombocytopenia (HIT). This makes direct thrombin inhibitors a 
safe alternative to heparin for PCI in patients with HIT [80]. The 
direct thrombin inhibitors currently available for use during PCI 
are bivalirudin and argatroban.

Bivalirudin
Bivalirudin is a synthetic analogue of hirudin that is slowly cleaved 
by thrombin and only transiently inhibits thrombin. Its quick onset 
of action achieving therapeutic ACT within 5 minutes and a short 
half‐life of approximately 25 minutes contribute to its safe profile 
with lower risk of bleeding, making it attractive for use during PCI 
[79,81]. Bivalirudin has been extensively studied since its develop
ment. Studies have shown reduced incidences of bleeding com
pared with heparin when used as treatment with a thrombolytic 
agent for acute MI and unstable angina. After proving that it was a 
safe alternative to heparin in the setting of balloon angioplasty it 
was later suggested to lower ischemic complications in addition to a 
lower risk of bleeding [77,78,82–84]. These initial studies of bivali
rudin were carried out in the era before use of GP IIb/IIIa inhibi
tors. The REPLACE‐2 trial tested the safety and efficacy of using 
bivalirudin compared to heparin with planned use of GP IIb/IIIa 
inhibitors during PCI. The results showed that bivalirudin was non‐
inferior to heparin plus a GP IIb/IIIa antagonist with significantly 
less bleeding in the bivalirudin group. The secondary triple com
posite endpoint of death, MI, or urgent revascularization was non‐
significantly lower in the heparin plus GP IIb/IIIa group [85]. 
ISAR‐REACT 4 trial showed similar rates of death, MI, or revascu
larization between bivalirudin and heparin plus GP IIb/IIIa inhibi
tor groups when used during PCI in patients with NSTEMI. 
However, the outcomes showed an increased risk of bleeding in the 
heparin plus GP IIb/IIIa inhibitor group [86]. The ACUITY inves
tigators studied the outcomes of treating moderate to high risk ACS 
patients. Groups were divided as follows: UFH or enoxaparin with 
GP IIb/IIIa inhibitor; bivalirudin with GP IIb/IIIa inhibitor; or 
bivalirudin alone. Results showed bivalirudin had similar rates of 
ischemia whether or not it was used with GP IIb/IIIa inhibitors 
but  had significantly lower rates of bleeding when used alone 
when compared with the heparin (or enoxaparin) plus GP IIb/IIIa 

inhibitor group [87]. This was further expanded on by the 
HORIZONS‐AMI trial investigators who compared outcomes of 
patients with STEMI treated with either bivalirudin alone or hepa
rin plus GP IIb/IIIa inhibitors. Interestingly, there was a higher rate 
of stent thrombosis within 24 hours (1.3% vs. 0.3%; p <0.001) but 
significantly reduced 30‐day mortality (2.1% vs. 3.1%, P = 0.047) in 
the bivalirudin arm. The reduced 30‐day event rate was largely 
because of the significantly lower rate of major bleeding with bivali
rudin than heparin plus GP IIb/IIIa inhibitors (4.9% vs. 8.3%; p 
<0.001) [88]. These studies were carried out in the era mostly using 
a femoral artery approach and were limited in almost exclusively 
comparing bivalirudin alone with heparin plus a GP IIb/IIIa 
a ntagonist but never with UFH alone. Several more recent studies 
have attempted to overcome this limitation. The radial artery 
approach has been increasingly used and is associated with less risk 
of bleeding, while dual oral antiplatelet therapy has become routine, 
diminishing the antithrombotic benefit of GP IIb/IIIa antagonists. 
A recent large randomized trial in a primary PCI STEMI population 
compared UFH alone with bivalirudin and found heparin alone 
was better at reducing ischemic events, including stent t hrombosis, 
with no difference in bleeding complications [22].

Monitoring
Bivalirudin can typically be given immediately prior to PCI with 
0.75 mg/kg IV bolus then 1.75 mg/kg/hour continuous infusion. It 
is renally excreted; however, no adjustments need to be made until 
creatinine clearance (CrCl) is less than 30. If the CrCl is 10–29 mL/
minute then the infusion rate should be decreased to 1 mg/kg/hour; 
and decreased to 0.25 mg/kg/hour if the patient is on hemodialysis. 
This can be continued for up to 4 hours after the PCI procedure at 
the discretion of the physician [89]. Bivalirudin can cause eleva
tions in multiple coagulation assays: aPTT, PT, INR, and ACT. 
Routine monitoring is not required with use of bivalirudin but can 
be performed with ACT. In REPLACE‐2, the median ACT 5 min
utes after a bolus infusion (0.75 mg/kg) followed by continuous 
infusion (1.75 mg/kg/hr) was 358 s. If ACT is <225 s after first bolus, 
then an additional bivalirudin bolus of 0.3 mg/kg should be given. If 
ACT is >225 s, then no further monitoring is required as infusion 
dose should maintain appropriate ACT levels. Because of the short 
half‐life of bivalirudin (~25 minutes), an ACT is also not required 
before sheath removal [85,89,90].

Argatroban
Argatroban is a small, synthetically derived, direct thrombin inhibi
tor that reversibly binds to the active site of thrombin. It is meta
bolized through the liver and has a half‐life of approximately 
45 minutes [81]. Use of argatroban in combination with thrombo
lytic therapy compared with heparin with thrombolytic therapy has 
shown better rates of TIMI III flow on angiography at 90 minutes. 
Despite potentially better TIMI III flow rates there have been no 
differences in total mortality, recurrent MI, revascularization, or 
ischemic stroke. There was a non‐significant lower incidence of 
bleeding in the argatroban group [91].

The prospective ARG‐E04 trial tested three different doses of 
argatroban in comparison with UFH during PCI. In this study, 
argatroban rapidly and consistently achieved sufficient ACT pro
longation to allow for shortened time to initiate PCI compared with 
patients receiving UFH (ACT target parameter of 250 s used for 
anticoagulation). There were no significant differences in angio
graphic success rates, composite endpoints (death, MI, or revascu
larization), or incidence of bleeding. This study proved that 
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argatroban dose‐dependently achieved ACT prolongation more 
effectively than UFH in patients undergoing elective PCI with dual 
antiplatelet therapy (aspirin and clopidogrel). Importantly, this 
study provides evidence that argatroban has a predictable anti
coagulant effect and can be used in patients undergoing PCI with 
dual antiplatelet therapy (only studied with aspirin and clopidogrel). 
Particular settings where argatroban may be most attractive is in patients 
with HIT or renal dysfunction when undergoing PCI [80,92].

Monitoring
Like bivalirudin, argatroban can cause elevations in multiple moni
toring assays: aPTT, PT, ACT, and ecarin clotting time (ECA‐T) 
which is sensitive only to direct thrombin inhibitors. There seems 
to be a consistent dose–effect relationship with using argatroban, 
regardless of the assay used. In contrast to UFH, argatroban causes 
a faster response in all coagulation parameters—quicker rise after 
initiation and normalization after stopping medication. ACT is the 
most appropriate method for monitoring the effect of argatroban in 
patients undergoing PCI [93].

Argatroban is given intravenously with bolus dose of 350 μg/kg 
followed by initial infusion rate of 25 μg/kg/minute. ACT should be 
checked within 10 minutes and can proceed with PCI if ACT >300 s. 
If ACT <300 s, give an additional 150 μg/kg bolus and increase the 
infusion rate to 30 μg/kg/minute. If ACT >450 s, decrease the infu
sion rate to 15 μg/kg/minute. An ACT level should be obtained 
within 10 minutes after any change to the infusion rate of arga
troban [94].

Reversal of direct thrombin inhibitors  
(bivalirudin, argatroban)
There are no specific reversal agents available for direct thrombin 
inhibitors. In normal healthy subjects with normal kidney function, 
coagulation times will return to normal within 1 hour of discon
tinuing the infusion. Recombinant factor VIIa can reduce some of 
the bleeding effect from these agents. Hemodialysis can remove 
approximately 25% of bivalirudin or argatroban [37].

Antiplatelets
Platelets have a key role in arterial thrombotic events. Once normal 
endothelium is compromised, platelet adhesion, activation, and 
aggregation lead to thrombus formation. Adhesion of platelets to 
the site of vessel wall injury occurs via von Willebrand factor and 
other glycoprotein cell receptors (GP Ib/IX/V, GP IV, GP VI, GP Ia/
IIa). Platelet activation occurs following adhesion which initiates 
further activation of surrounding platelets through secretion of 
platelet granules from agonists (adenosine diphosphate, collagen, 
thrombin), synthesis of thromboxane A2, and increased expression 
of activated GP IIb/IIIa receptors on the platelet surface. The activa
tion also facilitates binding of factors Va and VIIIa. Platelet aggrega
tion occurs via fibrinogen acting as a bridge between GP IIb/IIIa 
receptors on neighboring platelets. Platelet aggregation leads to for
mation of a platelet plug which is further anchored by fibrin mesh 
developed from the coagulation cascade [14,95]. This important 
cascade of events leads to the serious complications of MI and 
stroke. Steps of the cascade can be interrupted by different classes of 
antiplatelet agents in order to minimize the risk of arterial throm
bosis. Aspirin irreversibly inhibits the production of thromboxane 
A2 by acetylating cyclo‐oxygenase‐1 (COX‐1). This reduces platelet 
activation and recruitment to the site of injury. Thienopyridines 
(ticlopidine, clopidogrel, prasugrel) and other adenosine diphosphate 

(ADP) antagonists (ticagrelor, cangrelor) inhibit the P2Y12 recep
tor, a key ADP receptor on the platelet surface. Ticlopidine, clopi
dogrel, and prasugrel irreversibly inhibit P2Y12, whereas ticagrelor 
and cangrelor are reversible inhibitors of P2Y12. GP IIb/IIIa inhibi
tors (abciximab, eptifibatide, tirofiban) inhibit platelet aggregation 
by preventing fibrinogen and von Willebrand factor from binding 
to activated GP IIb/IIIa [35]. Antiplatelet therapy is the standard of 
care, not only in patients undergoing PCI, but also in the acute and 
long‐term management of ACS (Table 49.2) [95–97].

Aspirin
Aspirin (ASA) has long been recognized for its protective effect of 
thrombotic occlusive events and its importance in reducing inci
dence of death, MI, and stroke as seen in the large meta‐analysis 
carried out by the Antithrombotic Trialists’ Collaboration [98]. 
ASA has also been shown to significantly decrease mortalities in the 
setting of acute STEMI and severe cardiovascular complications in 
patients undergoing PCI. Since the benefit of ASA has been widely 
established, it is now the standard of therapy in clinical practice and 
routine background therapy when studying possible additive 
b enefits of other agents used in treatment of ACS or during PCI [14].

Several studies have attempted to define the “optimal” dose of 
ASA. A dose of 75 mg achieves complete inactivation of COX‐1 
[35]. When comparing ASA 75 mg/day with high doses up to 
1500 mg/day there has been no proven benefit but rather there is 
increased risk of bleeding (particularly gastrointestinal). There is 
less conclusive evidence on the benefit of doses less than 75 mg 
[99–101]. In situations where an immediate antithrombotic event is 
needed (i.e., ACS, ischemic stroke), a higher dose of aspirin (160–
325 mg) should be given as either a chewed pill, solution, or even 
intravenously where available. Current PCI guidelines recommend 
giving ASA 325 mg at least 2 hours and preferably 24 hours prior to 
PCI [4,98]. Low doses of ASA (75–150 mg/day) are recommended 
for long‐term prevention of vascular events in high risk patients 
with less risk of bleeding events [102].

Monitoring
Although not routinely utilized in the clinical setting, multiple 
methods of monitoring platelet function have been developed over 
time. These monitoring methods have been developed and studied 
in the setting of ASA therapy and in the evaluation of bleeding 
diatheses without antiplatelet therapy. Ideally, platelet monitoring 
assays would identify whether a patient who had an occlusive event 
(MI or ischemic stroke) while on ASA therapy was caused by treat
ment failure or treatment resistance, or prospectively identify the 
risk of a patient developing severe bleeding, especially in the setting 
of surgery.

The bleeding time was the initial and is still the only in vivo test 
of platelet function. Initially developed as a measure of bleeding 
diatheses and the influence of platelet count, but after decades of 
broad clinical use it was subsequently found not to be predictive of 
clinical bleeding in the setting of surgery or antiplatelet therapy 
[103]. Several point‐of‐care antiplatelet assays have been developed 
and studied in research settings; however, similar to bleeding time, 
there has been no clinical evidence that shows the clinical benefit of 
these monitoring methods. Light transmittance aggregometry 
(LTA) is the historic gold standard of platelet function testing which 
has shown a significantly higher risk of thrombotic events in 
patients with increased aggregation in the setting of ASA therapy. 
However, this test is labor intensive and technically demanding, 
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preventing its routine application in clinical practice. Simpler, 
point‐of‐care devices such as the VerifyNow aspirin assay have been 
developed and shown to correlate well with LTA. Studies using the 
VerifyNow aspirin assay found that patients with elevated platelet 
agglutination while receiving ASA had higher elevations of cardiac 
biomarkers (CK‐MB, troponin I) when undergoing elective PCI. 
Unlike the LTA, the VerifyNow aspirin assay has less processing 
time and is easier to use. Despite these findings, there have been no 
studies to suggest change of therapy, based on point‐of‐care ASA 
assays, would have a benefit on clinical outcomes or cost efficiency 
[95,104,105].

Reversal
The antiplatelet effect of ASA lasts 5–10 days. Rarely does the anti
platelet effect of aspirin need to be reversed, with the exception of 
intracranial bleeding. However, if bleeding from aspirin needs to be 
reversed immediately, platelet concentrate can be administered, 
although banked platelets are also functionally diminished. 
Desmopressin, or DDAVP, can also be used to correct the antiplatelet 
effect of aspirin. Dosing is similar when used for hemophilia or von 
Willebrand disease: 0.3 μg/kg in 100 mL infused over 30 minutes [69].

p2Y12 inhibitors (clopidogrel, 
prasugrel, ticagrelor, cangrelor)
Inhibiting P2Y12 receptors for ADP provide additional antiplatelet 
therapy to ASA. Some studies suggest even synergistic platelet 
i nhibition provides enhanced protection from thrombotic compli
cations during PCI. The role of dual antiplatelet therapy beyond the 
setting of PCI is less clear and may be agent specific [100].

Clopidogrel received FDA approval in 1998 following the results 
of the CAPRIE trial which compared ASA only with clopidogrel 
alone. The clopidogrel group of patients had a statistically signifi
cant (p = 0.043) lower risk of MI, ischemic stroke, or vascular death 
(9.8%) compared with the ASA group (10.7%). This study showed 
that clopidogrel is a safe and effective alternative to aspirin [106]. 
The CURE Trial was the first large‐scale prospective trial of dual 
antiplatelet therapy versus ASA alone which found that when used 
for patients with unstable angina or NSTEMI, clopidogrel plus ASA 
reduces ischemic events relative to ASA, regardless of whether inva
sive or non‐invasive therapy. There was a higher incidence of major 
bleeding events, with an increased risk of CABG‐related bleeding 
limited to those who underwent surgery sooner than 5 days after 
discontinuing clopidogrel. The subanalysis of the PCI cohort, PCI‐
CURE, showed that ASA with clopidogrel pretreatment (median 6 
days) followed by long‐term therapy after PCI had a 31% reduction 
in cardiovascular death or MI at 30 days and 9 months (p = 0.002) 
when compared to no pretreatment and short‐term dual therapy 
(4 weeks after PCI). There was no significant difference in major 
bleeding between the groups [107]. The CREDO trial studied the 
benefits of pretreatment and long‐term treatment (1 year) with 
clopidogrel and ASA in the setting of non‐urgent PCI. The results 
showed a 26.9% relative risk reduction for combined incidence of 
death, MI, or stroke (p = 0.02) at 1 year, although only a trend 
toward benefit at 30 days as a result of pretreatment [96]. A post hoc 
analysis of the results suggested that a longer interval between the 
loading dose of clopidogrel and PCI can further reduce peri‐proce
dural thrombotic events. Patients receiving 300 mg clopidogrel at 
least 10–12 hours prior to PCI experienced a significant reduction 
in the combined 30‐day endpoint [108]. Giving a loading dose of 
600 mg clopidogrel to patients undergoing PCI raises the plasma 

concentration of the clopidogrel‐active metabolite and causes 
greater suppression of ADP‐induced platelet aggregation. Further 
aggregation suppression was not significant with doses higher than 
600 mg (i.e., 900 mg) [109]. Using a loading dose of 600 mg prior to 
PCI in comparison with 300 mg showed a significant reduction in 
the primary endpoints of death, MI, and target vessel revasculariza
tion at 30 days (4% vs. 12%, respectively; p = 0.041). The 600 mg 
loading dose was associated with a lower incidence of peri‐ 
procedural MI (OR 0.48, 95% CI 0.15–0.97; p = 0.044) [110,111].

Use of clopidogrel in setting of acute STEMI treated with a pri
mary non‐invasive strategy gained acceptance following the results 
of CLARITY‐TIMI 28 and COMMIT trials [112,113]. Patients with 
STEMI initially treated with a thrombolytic who then received 
clopidogrel prior to PCI showed reductions in death, recurrent MI, 
and stroke without increased bleeding [114]. The CURRENT‐
OASIS 7 trial was a large multicenter international study that 
showed benefit of using a double dose of clopidogrel for 7 days 
starting with a loading dose of 600 mg followed by 150 mg in com
parison to the standard dose of 300 mg loading dose then 75 mg/day. 
There was a lower incidence in the primary outcomes of cardiovas
cular death, MI, or stroke when using a double dose of clopidogrel 
versus the standard dose (3.9% vs. 4.5%, respectively; adjusted HR 
0.74–0.99; p = 0.039). Lower incidence of MI was the main reason 
for this difference as there were similar rates of cardiovascular 
deaths and stroke between the two groups. Stent thrombosis was 
also much lower in the double dose group [115]. The GRAVITAS 
trial showed that a prolonged course of double dose clopidogrel at 
150 mg/day versus 75 mg/day had no reduction in cardiovascular 
death, MI, or stent thrombosis even in patients with high platelet 
reactivity [116].

Prasugrel is a new thienopyridine proven to be beneficial in the 
treatment of patients with ACS undergoing PCI. Similar to clopi
dogrel, prasugrel irreversibly binds to the P2Y12 receptor. Prasugrel 
is rapidly absorbed and nearly completely activated. In contrast, 
clopidogrel is more slowly absorbed and only ~15% undergoes met
abolic activation [35]. The quick onset of action for prasugrel makes 
it attractive to use at the time of PCI, especially in the setting of 
ACS. Prasugrel 60 mg achieves high levels of platelet inhibition by 
30 minutes as opposed to clopidogrel 300 and 600 mg doses which 
require 4–6 hours. The duration of platelet inhibition for both 
clopidogrel and prasugrel lasts for at least 5–7 days because of its 
irreversible binding of P2Y12 receptors [117–119]. In patients with 
ACS scheduled to undergo PCI, TRITON‐TIMI 38 proved prasug
rel to be superior in both loading and maintenance doses (60 and 
10 mg) to clopidogrel (300 and 75 mg) in preventing death, MI, 
ischemic stroke, urgent revascularization, and stent thrombosis 
(9.9% vs. 12.1%, hazard ratio 0.81; p < 0.001). There was a signifi
cantly higher risk of major bleeding, specifically in patients aged 
>75 years, weight <60 kg, or with a history of stroke or TIA. The 
overall benefit with prasugrel is strengthened after excluding these 
patients (HR 0.74, 95% CI 0.66–0.84; p < 0.001) [120–122].

Ticagrelor is a novel, non‐thienopyridine, reversible P2Y12 
inhibitor that has a rapid onset of action within 30 minutes to peak 
platelet inhibition within 2 hours. Because of its reversible receptor 
binding properties, ticagrelor has a short half‐life of 6–12 hours 
and requires twice daily dosing [117]. The PLATO investigators 
showed superiority of ticagrelor compared with clopidogrel in 
patients with ACS with or without STEMI, all on a background of 
ASA. Patients in the ticagrelor group had significantly lower rates 
of death from vascular causes, MI, or stroke without an increase in 
the rate of major bleeding. The benefits were evident at 30 days and 
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persisted at 1‐year follow‐up [123]. Early administration of ticagre
lor (pre‐hospital vs. in‐hospital) prior to PCI has been shown to be 
safe and to reduce the incidence of stent thrombosis at 24 hours and 
30 days [124].

Cangrelor is an intravenously administered non‐thienopyridine 
that reversibly inhibits the P2Y12 receptor, achieving high levels of 
platelet inhibition in vitro and ex vivo. It is notable for its very rapid 
onset of action and short half‐life (3–6 minutes) [125]. 
Normalization of platelet function occurs within 60 minutes after 
discontinuing cangrelor. Prior large‐scale randomized trials did not 
find cangrelor to be superior to placebo or clopidogrel 600 mg when 
used in patients with ACS or stable angina when given prior to PCI 
in terms of reducing composite endpoints (death, MI, or revascu
larization) [126,127]. More recently, a study has shown promise in 
the use of cangrelor when compared with clopidogrel loading doses 
at time of PCI for stable angina, ACS without ST‐segment elevation, 
or STEMI. Patients receiving cangrelor had lower composite end
point rates of death from any cause, MI, revascularization, or stent 
thrombosis at 48 hours (4.7% vs. 5.9%, OR 0.78, 95% CI 0.66–0.93; 
p = 0.005) with peri‐procedural MI driving most of the benefit. 
There was a non‐significant increase in bleeding with cangrelor by 
some definitions [128]. Cangrelor is potentially an alternative agent 
in patients unable to take or adequately absorb enteral medications; 
however, at this time it is not commercially available.

Current guideline recommendations are to give a loading dose of 
a P2Y12 inhibitor (i.e., clopidogrel 600 mg, prasugrel 60 mg, tica
grelor 180 mg) prior to PCI in ACS and non‐ACS settings followed 
by maintenance dual antiplatelet therapy with ASA and a P2Y12 
inhibitor (clopidogrel 75 mg/day, prasugrel 10 mg/day, ticagrelor 
90 mg twice daily) for at least 1 month after bare metal stent place
ment and at least 1 year after drug‐eluting stent placement [4,129].

Monitoring
Tailored antiplatelet therapy based on platelet reactivity and respon
siveness has been theorized to potentially improve outcomes. One 
theory regarding the concern of antiplatelet resistance is that there 
is actual platelet hyper‐reactivity in the setting of the acute throm
botic event, although whether it is a cause or effect is not clear 
[130]. Several studies using the VerifyNow P2Y12 assay have shown 
a correlation between higher platelet reactivity based on the assay 
and adverse cardiovascular outcomes including death [131]. The 
GRAVITAS trial aimed to evaluate whether tailoring clopidogrel 
after PCI would improve outcomes based on point‐of‐care platelet 
function assays but found no improvement in outcomes with higher 
dose antiplatelet therapy based on higher platelet reactivity [116]. 
Similarly, the ARCTIC trial found no differences in major adverse 
cardiac events (MACE) when antiplatelet therapy was tailored both 
before and after stent placement based on platelet function moni
toring using the VerifyNow P2Y12 assay (Accumetrics Corporation, 
San Diego, CA, USA) compared with standard treatment without 
monitoring [132]. The vasodilator‐stimulated phosphoprotein 
(VASP) phosphorylation analysis is highly specific for P2Y12 inhib
itors showing strong correlation between platelet reactivity and 
clinical outcomes but it is not useful as a point‐of‐care method dur
ing PCI [133,134]. Another method of monitoring is using multiple 
electrode platelet aggregometry with the Multiplate analyzer 
(Roche, Basel, Switzerland). A study using the Multiplate point‐of‐
care method was able to show a strong correlation amongst patients 
considered poor responders to clopidogrel (evident by higher plate
let reactivity) with higher incidence of stent thrombosis [135]. 
Further, a study used the Multiplate analyzer to adjust antiplatelet 

therapy in patients 12–36 hours after PCI and who were pretreated 
with clopidogrel. Patients found to have high platelet reactivity 
based on Multiplate analyzer results were randomized to either 
prasugrel or higher dose clopidogrel. This tailoring of therapy 
showed not only significantly more platelet inhibition, but lower 
incidence of death, MI, stent thrombosis, or stroke in the prasugrel 
group compared with the high dose clopidogrel group. The prasug
rel group had a similarly lower risk than patients without high 
platelet reactivity. There was also less bleeding when switched to 
prasugrel [136]. Despite efforts made to identify an accurate and 
reliable point‐of‐care assay for P2Y12 inhibitors at time of PCI and 
for tailored antiplatelet therapy, there is insufficient evidence that 
point‐of‐care platelet function testing for P2Y12 inhibitors would 
be beneficial [137,138]. The ongoing TROPICAL‐ACS trial, with 
an anticipated enrollment of 2600 using the Multiplate analyzer, 
will be one of the largest and definitive studies of the potential 
b enefit of tailored antiplatelet therapy based on monitoring [139].

Reversing P2Y12 antagonists
Bleeding while on dual antiplatelet therapy remains a difficult situ
ation to manage. Patients who have undergone recent stent implan
tation are still at high risk of stent thrombosis until complete 
endothelialization occurs. Besides cangrelor, all P2Y12 antagonists 
require days off therapy before platelet function is normalized. 
If  the decision is made to reverse bleeding induced by P2Y12 
i nhibitors, it is recommended to administer platelet concentrate. 
Desmopressin (DDAVP) can also be used to correct the effect on 
platelet aggregation [69].

Glycoprotein IIb/IIIa inhibitors 
(abciximab, eptifibatide, tirofiban)
Vessel trauma by PCI can lead to adhesion, followed by activation 
and aggregation of platelets. GP IIb/IIIa inhibitors offer additional 
protection from thrombus formation by preventing platelet aggre
gation and reducing risk of intracoronary thrombosis [140]. 
Currently, three GP IIb/IIIa inhibitors are available for use during 
PCI: abciximab, eptifibatide, and tirofiban. These agents block 
fibrinogen from binding to GP IIb/IIIa receptors. Meta‐analysis of 
GP IIb/IIIa inhibitors during PCI has shown a 30‐day mortality 
benefit in addition to fewer incidences of non‐fatal MI and urgent 
repeat revascularizations. The strongest data supporting the use of 
GP IIb/IIIa inhibitors comes from trials studying abciximab [141]. 
The EPILOG and EPISTENT trials demonstrated sustained bene
fits in these endpoints up to 1 year whereas EPIC reported benefit 
at 3 years [10,142–144]. Select populations especially experience a 
protective effect during PCI with GP IIb/IIIa inhibitors: high risk 
ACS, diabetic patients, and those with chronic kidney disease [145].

The first developed GP IIb/IIIa inhibitor, abciximab, is a human‐
murine chimeric monoclonal antibody with high affinity for GP 
IIb/IIIa receptors leading to near‐irreversible inhibition, although 
its plasma half‐life is short. Approximately 50% platelet inhibition 
remains 24 hours after discontinuing abciximab. The EPIC trial 
first showed its clinical benefit during PCI with a 35% reduction in 
rate of primary endpoints (death from any cause, non‐fatal MI, 
CABG, or repeat PCI for acute ischemia; placement of intra‐aortic 
balloon pump to relieve refractory ischemia); a 10% reduction was 
observed after abciximab bolus alone [142,146]. The breakthrough 
trials EPIC, EPILOG, and EPISTENT demonstrated that treatment 
with abciximab and UFH (abciximab continued after procedure) 
was superior to UFH alone in reducing major adverse cardiac 
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events following PCI without significant differences in bleeding 
complications between the treatment groups [142–144].

Abciximab administration can improve outcomes in PCI for 
patients with STEMI. The ADMIRAL trial randomized patients to 
receive abciximab plus stenting or placebo plus stenting for treat
ment of STEMI. Abciximab improved coronary patency and left 
ventricular function with fewer incidences of reinfarction and 
recurrent ischemia. Although not statistically significant, there 
remained a mortality benefit from 30 days to 3 years after PCI treat
ment of STEMI in patients who received abciximab. In this 3‐year 
follow‐up period there was a 30% relative risk reduction of the com
posite endpoint of death and MI [147]. The CADILLAC trial rand
omized 2082 patients presenting with STEMI to treatment groups 
of balloon angioplasty alone, balloon angioplasty plus abciximab, 
stenting alone, or stenting plus abciximab. Use of abciximab showed 
significant improvements (p <0.001) in the primary composite end
point of death, reinfarction, stroke, and ischemia‐driven target ves
sel revascularization. The endpoint occurrences were balloon 
angioplasty alone 20%, balloon angioplasty plus abciximab 16.5%, 
bare metal stent alone 11.5%, and bare metal stent plus abciximab 
10.2%. These endpoints were mainly driven by revascularization as 
there were no significant differences between the groups treated 
with stents in terms of rates of death, stroke, or reinfarction [148]. 
Antoniucci et al. [149] similarly demonstrated a reduction in com
posite endpoint of death, reinfarction, target vessel revasculariza
tion, and stroke at 1 month when comparing bare metal stent plus 
abciximab to bare metal stent alone (4.5% vs. 10.5%, respectively; 
p = 0.023). There was also smaller infarct size on technetium‐99 m 
sestamibi scintigraphy at 1 month. Abciximab is recommended for 
STEMI and high risk patients undergoing PCI. Abciximab is not 
recommended for low risk patients or non‐invasive treatment for 
ACS [150,151].

There has been less convincing evidence for eptifibatide and 
tirofiban. Both are smaller molecules than abciximab. Eptifibatide 
is a synthetic heptapeptide (<1000 Da) that reversibly binds to a 
beta subunit of GP IIb/IIIa receptor, causing platelet inhibition cor
relating to the plasma level of the drug. It is metabolized by the 
kidneys with half‐life of ~2–3 hours. Tirofiban is a tyrosine deriva
tive non‐peptide that is metabolized by the biliary system (30–40%) 
and primarily excreted by the kidneys (60–70%). Tirofiban half‐life 
is ~1.5–2 hours [152].

The IMPACT‐II trial randomized patients undergoing elective, 
urgent, or emergency PCI to one of three treatment arms: placebo, 
eptifibatide 135 μg/kg bolus followed by 0.5 μg/kg/min infusion, or 
eptifibatide 135 μg/kg bolus followed by 0.75 μg/kg/min infusion. 
There was no significant difference between the eptifibatide groups 
compared with placebo in the composite endpoint of death, MI, 
unplanned surgical or repeat percutaneous revascularization, or 
coronary stent implantation for abrupt closure. Additionally, there 
was no difference in outcomes between the eptifibatide groups 
[153]. It has been hypothesized that the doses used in this trial may 
have been insufficient to provide adequate platelet inhibition [14]. 
The PURSUIT trial investigators used higher doses of eptifibatide 
in patients with ACS, but without STEMI. Those patients undergo
ing early PCI (<72 hours) treated with eptifibatide 180 μg/kg bolus 
followed by 2.0 μg/kg/min infusion had a significantly lower 30‐day 
composite endpoint of death or non‐fatal MI than the placebo 
group (11.6% vs. 16.7; p = 0.01) [154]. The ESPRIT trial randomized 
2064 patients undergoing PCI to receive a high dose regimen of 
eptifibatide or placebo. The eptifibatide group received two boluses 
of 180 μg/kg administered 10 minutes apart followed by 2.0 μg/kg/

min infusion for 18–24 hours. Both groups also received ASA, hep
arin, and a thienopyridine as part of standard therapy. The primary 
endpoint was composite of death, MI, urgent target vessel revascu
larization, and thrombotic bailout GP IIb/IIIa inhibitor therapy 
within 48 hours after randomization. The trial was terminated early 
because of significant efficacy findings: primary endpoint reduced 
from 10.5% in placebo group to 6.6% in eptifibatide group 
(p = 0.0015). Although not frequent, major bleeding occurred more 
often in the eptifibatide group (1.3% vs. 0.4%; p = 0.027). This trial 
proved that pretreatment with eptifibatide as a GP IIb/IIIa inhibitor 
significantly reduces ischemic complications during PCI [155], and 
provided the recommended eptifibatide dosing in current guide
lines for patients undergoing PCI treated with UFH [4].

Tirofiban showed a non‐significant trend toward reduced end
points of death, MI, revascularization in the balloon angioplasty‐
based RESTORE trial; however, there was also higher rates of major 
bleeding than with placebo [156]. Later, the PRISM‐PLUS investi
gators demonstrated greater efficacy in patients with ACS treated 
with UFH plus tirofiban over UFH alone. The endpoint of death, 
MI, or refractory ischemia was reduced from 17.9% in the UFH 
alone group to 12.9% in the UFH plus tirofiban at 30 days (p = 0.004). 
Subgroup analysis of patients who underwent PCI provided further 
evidence that the combination of tirofiban with UFH compared 
with UFH alone reduced the endpoint incidence from 15.3% to 
8.8% (risk ratio 0.55, CI 95% 0.32–0.94) [157]. In the TARGET trial, 
tirofiban was compared head‐to‐head against abciximab in a non‐
inferiority trial in ~5000 patients undergoing PCI. Surprisingly, 
tirofiban was found to be inferior to abciximab [158]. Subsequent 
studies suggested that the dose of tirofiban studied in TARGET was 
too low. Smaller trials have studied higher doses with encouraging 
results [159]. Current PCI guidelines recommend administration of 
GP IIb/IIIa inhibitors with UFH in patients with high risk ACS 
when not treated with bivalirudin and not adequately pretreated 
with a thienopyridine [4].

Monitoring
Although the GP IIb/IIIa inhibitors are beneficial during PCI, there 
is a narrow therapeutic window. Earlier studies on GP IIb/IIIa 
inhibitors showed higher risk of bleeding and thrombocytopenia 
(especially with abciximab). There is variability amongst GP IIb/
IIIa inhibitors as a result of pharmacologic differences. For exam
ple, the plasma level of eptifibatide correlates closely with platelet 
inhibition, whereas abciximab does not provide good correlation 
because it has high affinity to the receptors and is cleared rapidly 
from plasma [160]. This brings up the important question as to how 
to best tailor GP IIb/IIIa therapy, not only during PCI, but also for 
the return of normal platelet function. The theoretical benefit of 
tailored therapy based on monitoring is met with the real‐life limi
tations such as technical experience, expensive equipment, and 
transferring what is found in vitro to the clinical situation. It remains 
to be proven whether an assay can provide the most reliable results 
and be translated into clinical practice [161].

Light transmission aggregometry has historically been the gold 
standard of platelet function testing. Although it is based on the 
fibrinogen–GP IIb/IIIa aggregation, its poor reproducibility 
between laboratories, long sampling time, and labor‐intensive 
requirements make it less appealing during PCI.

The best study to date correlating the efficiency of platelet inhibi
tion through GP IIb/IIIa inhibitors with clinical outcomes was the 
GOLD multicenter study. This study used the point‐of‐care 
Ultegra‐rapid platelet function assay (RPFA), known as the 
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VerifyNow assay. The VerifyNow assay provides a quick and simple 
means of monitoring GP IIb/IIIa inhibitors with results that corre
late well with aggregometry and receptor‐binding assays [162]. In 
this study, 485 patients were evaluated for the primary endpoint of 
MACE: death, MI, or urgent target vessel revascularization in 
h ospital or within 7 days of PCI. The predominant GP IIb/IIIa 
inhibitor used was abciximab (84%), others received tirofiban (9%) 
or eptifibatide (7%). The dosing regimens for each medication were 
based on previously described trials showing potential benefit of 
their use in PCI. Platelet inhibition was achieved at high percent
ages in the initial 10 minutes (96 ± 9%), 1 hour (95 ± 8%), and 8 
hours (91 ± 11%) after initiating therapy. However, at 24 hours the 
mean inhibition decreased to 73 ± 20% with wide variability. The 
patients in the lowest quartile of platelet inhibition (<95%) at 10 
minutes after GP IIb/IIIa bolus had a substantially higher incidence 
(14.4%) of MACE compared with those with >95% platelet inhibi
tion (6.4%; p = 0.006). This study confirmed higher incidences of 
MACE are associated with lower levels of platelet inhibition but 
was not designed to demonstrate that altering therapy to achieve 
higher levels of inhibition improved outcomes. The study did not 
find a correlation between the level of platelet inhibition and major 
b leeding complications when using the point‐of‐care assay. 
However, an increased procedural ACT correlated with major 
bleeding [163,164].

Reversing GP IIb/IIIa inhibitors
Platelet monitoring for return to normal function is helpful in non‐
emergent situations; however, immediate reversal is warranted 
when major bleeding occurs or emergency CABG is needed. The 
pharmacodynamics of each GP IIb/IIIa inhibitor affect how they 
can be reversed in emergent situations. No direct antidote is avail
able for any of the three available GP IIb/IIIa receptor antagonists.

Despite the long dissociation half‐life from GP IIb/IIIa receptors 
of abciximab (up to 6–12 hours), it has a short plasma half‐life 
(15–30 minutes) meaning that little of the medication remains in 
the plasma once discontinued. Platelet transfusion after discontinu
ing abciximab decreases the platelet receptor occupancy which is 
related to platelet function inhibition. Platelet transfusion leads to 
redistribution of abciximab from platelets saturated with the medi
cation to transfused cells. This causes a “dilution” of bound GP IIb/
IIIa receptors by abciximab with little hemostatic defect [165,166]. 
In addition to platelet transfusion, administration of desmopressin 
(DDAVP) can also have an additive effect in normalizing platelet 
function following GP IIb/IIIa inhibition [99].

Platelet transfusion is ineffective for the smaller molecule GP 
IIb/IIIa inhibitors (i.e., eptifibatide and tirofiban) because of their 
high plasma levels. The pharmacokinetic effect is dose dependent. 
The biologic half‐life is ~2.5 hours for these agents based on the 
adjusted dosing for CrCl [146]. Reversal of the antiplatelet effect 
from eptifibatide and tirofiban occurs within 2–4 hours after dis
continuation. It is typically considered safe to proceed with surgical 
procedure after the allotted time [166]. In patients with advanced 
renal insufficiency, where the time to reversal may be longer, hemo
dialysis can hasten the reversal of platelet inhibition induced by 
these agents [167,168].

Conclusions
Anticoagulation and antiplatelet therapy have been extensively 
studied since their inception. While certain agents have advantages 
and disadvantages relative to others, there will likely never be a “one 

size fits all” medication. Therapies require tailoring based on the 
unique needs of the patient. This holds true during PCI where cer
tain presentations or pre‐existing comorbidities make one anti
coagulant or antiplatelet agent better than another. It is important 
not only to understand which therapies are available but when one 
is preferable over another, what are their unique limitations, and 
what other tools are needed to achieve optimal use of the medica
tion. Understanding how to monitor (if possible) the therapy and 
how to manage emergency situations (major bleeding) is as crucial 
as the technical skills required during PCI.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Right heart catheterization using floating catheters allows the anal-
ysis of right atrial, right ventricular, pulmonary artery, and pulmo-
nary capillary wedge pressures, determination of cardiac output 
using the Fick principle, and thermodilution and analysis of blood 
oxygenation levels. Further, detailed screening for cardiac shunts 
and structural defects can be performed.

Risks during flotation catheter placement, invasive hemodynam-
ics, and subsequent monitoring are very low. Most common 
are  insertion‐site hematomas. Central cardiac complications are 
extremely rare. Temporary cardiac arrhythmias during the proce-
dure are common and usually self‐terminating. When placed for 
long‐term monitoring, line infection and sepsis can develop.

Balloon flotation catheters
Balloon flotation catheters are the established intravascular moni-
toring devices for the assessment of right heart (RH) function and 
hemodynamics. There are various types of balloon flotation cathe-
ter, which are all characterized by a soft, flexible, fluoroscopically 
visible structure with an inflatable balloon at the distal tip 
(Figure  50.1). The balloon allows floating of the device with the 
bloodstream from the right atrium into the right ventricle and fur-
ther into the pulmonary artery. Thermistors allow thermodilution 
cardiac output measurements to be obtained. Further, through 
pressure sensors, cardiac pressures can be monitored. Internal 
lumens allow blood collections for Fick cardiac output measure-
ments and shunt analysis.

Technique
Placement of flotation catheters can be performed through the 
internal jugular vein, most commonly on the right side, but other 
central sites including the left neck and through the subclavian 
veins are possible access sites. Further, peripheral right or left femo-
ral vein access, in particular during standard left heart catheteriza-
tion procedures, and through the brachial veins are common access 
sites. However, femoral access is limited by the inability of the 
patient to move and has been associated with higher rate of 
 infections and site complications such as bleeding.

Standard placement technique follows a modified Seldinger 
technique. A 21‐gauge guide needle is used to find and access the 
vein. Using the guide needle, a larger needle is used to enter the 
vein followed by advancement of a short guidewire. The needles 
are removed and a 7‐Fr sheath is introduced into the vessel with an 
internal dilator. The dilator is then removed with the placement 
wire and stable blood flow through the lateral port confirmed 
 followed by flushing of the sheath and the ports. With the sheath in 
place, the balloon flotation catheter is advanced into the vein and 
advanced by around 20 cm. At this point, the balloon is inflated 
allowing easy advancement of the balloon tip into the right atrium 
for measurement of right atrial pressure. Attention should be paid 
to the curvature of the catheter which is designed to be advanced 
from the neck with a tip pointing toward the left to facilitate 
crossing of the tricuspid valve from the right atrium. With further 
advancement, the tricuspid valve is crossed and the balloon 
placed in the right ventricle for pressure analysis. At this point, the 
catheter has to be redirected to point upwards with clockwise 
 rotation and advancement into the right ventricular outflow track 
for crossing through the pulmonic valve into the main pulmonary 
artery. Once placed in the pulmonary artery, the catheter can 
be  further advanced into a distal pulmonary artery and into the 
wedge position. Most commonly, the catheter floats into the right 
pulmonary artery and distally into a segmental artery in the right 
middle or lower lobe.

During the advancement of the catheter, deep inspiration maneu-
vers can be used to facilitate the movement of the balloon via the 
the increased cardiac return and pulmonary flow during inspira-
tion. If unable to move the balloon tip from a distal position in 
the right ventricle, which is more common during procedures from 
the femoral access sites because of the preformed structure and 
curving, a conventional 0.035‐inch guidewire can be used to 
 stabilize the catheter. An alternative technique for advancing the 
flotation catheter is by forming a loop in the right atrium with a 
lateral pointing of the balloon tip. With further advancement, the 
tip will point downwards and can be moved through the tricuspid 
valve into the right ventricle.

Placement of the flotation catheter in the cardiac chambers has to 
be confirmed by changes in specific waveforms and pressures 
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(Figure 50.2). Once a stable wedge position has been reached and 
the measurement has been achieved, the balloon should be deflated 
and the catheter be retracted by several inches for stable placement 
in the larger branches of the pulmonary artery to avoid accidental 
perforation. Prolonged positioning in the wedge position is to be 
avoided. Removal of the catheter requires deflation of the balloon, 
which has to be confirmed before retraction.

Pulmonary hemodynamics
normal cardiac and pulmonary hemodynamics
Normal pulmonary hemodynamics are shown in Table  50.1 and 
illustrated in Figure 50.2. Cardiac and pulmonary hemodynamics 
are directly related to cardiac venous return and preload. Respiratory 
variation in inspiration with decreased intrathoracic pressure and 
increase venous return and in expiration with increased intratho-
racic pressures and reduced venous return play an important part in 
the definition of cardiac pressures, filling, and hemodynamics. Of 
note, in intubated patients, these hemodynamics are reversed 
because of the positive end‐expiratory pressures and respiratory 
dynamics associated with positive pressure ventilation. Normal car-
diac filling pressures and hemodynamics with normal cardiac out-
put are associated with central venous mixed saturations of >65%. 
Cardiac output can be calculated by the formula according to Fick:

 

CO oxygen consumption Hg g dL
arterial O saturation mi

= ( )× ×/ / .1 34

2 − xxed venous O saturation2( )  

(Hg – hemoglobin; O2 – oxygen). Cardiac index is cardiac output 
corrected for body surface area (BSA):

 CI CO BSA.= /  

An important parameter of cardiopulmonary hemodynamics is 
systemic and pulmonary vascular resistance. Systemic vascular 
resistance (SVR) is calculated as follows:

SVR mean arterial blood pressure RA pressure /cardiac output.= ( )−

SVR is found elevated in circumstances of increased vascular tone 
such as in hypertension and decompensated heart failure.

Pulmonary vascular resistance (PVR) is defined as:

 PVR mean PAP PCWP /cardiac output.= ( )−  

Elevated PCR is a marker of lung disease and is found to be fixed 
and non‐reversible in interstitial lung diseases, chronic obstructive 
 pulmonary disease (COPD), and several forms of pulmonary 
hypertension. Reversible increases in PVR are typical for pulmo-
nary hypertension caused by left heart failure or elevated filling 
pressures from volume overload. Pharmacologic testing for these 
changes are described later.

Heart failure and low cardiac output
The main indication for the analysis of cardiac filling pressures and 
hemodynamics is the suspicion of a low cardiac output state in the 
setting of heart failure with dilated or ischemic cardiomyopathy, 
 valvular heart disease, and to diagnose cardiac or pulmonary causes of 
shortness of breath and fatigue. A low cardiac output state is charac-
terized as cardiac output below normal (CO <4 L/min or CI <2 L/min/
m2 BSA). Associated filling pressures can be elevated, normal, or low 
depending on the fluid status of the patient. The MVO2 is typically 
decreased leading to the diagnosis of a low cardiac output state. The 
Fick formula for calculation of cardiac output allows a more reliable 
method than the thermodilation method which can be affected by 
severe tricuspid regurgitation, not uncommon in severe heart failure.

Left heart failure
Central hemodynamics in patients with isolated left heart failure 
are characterized primarily by elevated left‐sided filling pressures 
with notable increases in pulmonary capillary wedge pressure 
(PCPW) with or without elevated pulmonary arterial pressures 
(PAPs). Reduced cardiac output is shown by reduced MVO2. Severe 
left heart failure induces all changes of right heart failure caused by 
increased right‐sided filling pressures from impaired flow and the 
associated volume overload of the right ventricle.

Right heart failure
Right heart failure is most commonly a secondary phenomenon of 
left heart failure. Isolated right heart failure can occur acutely after 
right ventricular infarction and, rarely, caused by genetic right ven-
tricular cardiomyopathies. Further, it occurs in 30–35% of patients 
following implantation of a left ventricular assist device because of 
the inability of the right ventricle to respond to the increased 
preload following surgery. Hemodynamics are characterized by 
increased right atrial pressures (>8 mmHg) with inappropriately 
“normal” or elevated pulmonary artery pressures.

Pulmonary hypertension
Pulmonary hypertension is defined as a mean pulmonary artery 
pressure of >25 mmHg. Many clinicians consider a mPAP of 
21–24 mmHg as borderline pulmonary hypertension. The underlying 
type of pulmonary hypertension (WHO 1–5) defines the associated 
cardiac filling pressures. Group 1 PH (pulmonary arterial hyper-
tension) is characterized by normal capillary wedge pressures 
(<15 mmHg) while group 2 PH (pulmonary hypertension with left 
heart disease) is defined by the presence of elevated capillary wedge 
pressures (>25 mmHg).

Shunt diagnostics
Cardiac shunt diagnostics is based on changes in the oxygen satura-
tion caused by the mixture of oxygen‐rich blood after lung passage 
with oxygen‐depleted blood from the periphery. At any point, 

Figure 50.1 Swan–Ganz catheter with inflated balloon at the distal tip.
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blood samples can be collected through the internal lumen of the 
catheter. Typically, sampling occurs in the superior vena cava, the 
inferior vena cava, the right atrium and ventricle at various posi-
tions as needed to specify positions of suspected defects, in the 
main as well as the left and right pulmonary artery.

Pharmacologic drug testing
Pharmacologic drug testing is a standard procedure in the catheter-
ization laboratory and allows the characterization of elevated filling 
pressures, definition of right heart or left heart failure, and the defi-
nition of pulmonary hypertension as a primary or secondary 
phenomenon.

Inotropic drug testing using PDE5 inhibitors such as milrinone 
or beta‐adrenergic stimulation using dobutamine is performed to 
test the contractile response in patients with reduced ejection 

fraction and reduced cardiac output. A continuous infusion of the 
drug with continuous measurement of cardiac filling pressures and 
central oxygen saturations (MVO2) are performed. Many centers 
define a positive response as an increase in cardiac output by >20% 
or a decrease in PCWP by >20%. Typical protocols allow increased 
doses of inotropes every 3–5 minutes with a full set of hemodynam-
ics and MVO2. Of note, cardiac hemodynamics might not change 
immediately, in particular in the setting of biventricular failure and 
volume overload, and a positive response might require testing not 
only acutely in the catheterization laboratory but also retesting after 
24 hours.

Another role for pharmacologic drug testing is in the characteri-
zation of abnormal pulmonary artery pressure, elevated transpul-
monary gradients (TPG), and increased PVR. This is of utmost 
importance for the evaluation of patients before heart transplanta-
tion as an increased TPG and PVR has been associated with the 
occurrence of right ventricular failure and increased morbidity and 

Right atrium Right ventricle Pulmonary artery
Pulmonary capillary

wedge pressure

Figure 50.2 Normal hemodynamics.

table 50.1 Normal and pathologic cardiac hemodynamics and filling pressures.

Right atrium Right ventricle Pulmonary artery
Pulmonary capillary 
wedge pressure MVo2

Normal <5 <30/5 <30/10 (<25) <12 >65

Pulmonary 
hypertension

Normal or elevated Normal or elevated >25 Normal or elevated Normal or reduced

Left heart failure Normal or elevated Normal or elevated Normal or elevated >15 Reduced

Right heart failure >5–8 “Normal” or elevated “Normal” or elevated Normal Normal or reduced

All pressures are in mmHg.
MVO2, mixed venous oxygen saturation.
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mortality after heart transplantation. Standard right heart catheter-
ization is used as a first step. In the normotensive patient in the 
setting of elevated PCWP and increased PAP, pulmonary and 
 systemic vasodilators can safely be tested. Most established is short‐
term infusion of sodium nitroprusside (nipride) with subsequent 
decrease in SVR and PVR as a result of the direct vasodilatory effect 
of nitric oxide on vascular smooth muscle cells. After baseline 
measurements, the dosage of sodium nitropusside is increased 
 stepwise from 25 µg/L/min by 25 µg/mL/min steps as illustrated 
in Figure 50.3. A positive response is defined as a decrease in PVR 
by >20%.

Invasive hemodynamics and cardiac filling pressure measure-
ments are helpful in the characterization of patients with pulmo-
nary hypertension for their response to pulmonary vasodilators 
and supplemental oxygen. A standard test involves a baseline right 
heart catheterization with definition of cardiac filling pressures and 
hemodynamics. High dose nasal oxygen is first applied to the 

patient and the direct pulmonary vasodilatory response is assessed 
after 3–5 minutes using a full set of cardiac hemodynamics and 
 systemic oxygen saturation measurements. In patients with normal 
PCWP, pure pulmonary vasodilators such as inhaled nitric oxide, 
epoprostenol (flolane), or iloprost (ventaxis) can be tested. Of note, 
such testing is contraindicated in patients with elevated PCWP 
because of the risk of inducing pulmonary edema caused by poor 
left heart function leading to worsening of pulmonary congestion. 
The response is monitored by continuous assessment of pulmonary 
artery pressure and repeated measurements of cardiac output. 
A  positive response is defined as a decrease of mean PAP by 
>10 mmHg to reach an absolute value of 40 mmHg or lower.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology

Pulmonary artery

50 µg/mL/min Nipride

Pulmonary capillary
wedge pressure

Pulmonary artery

Baseline

Pulmonary capillary
wedge pressure

Figure 50.3 Right heart catheterization and pharmacologic drug testing for the assessment of pulmonary hypertension. With continuous 
infusion of sodium nitroprusside (50 µg/mL/min), pulmonary artery pressure decreased from 50/18 to 26/7 mmHg. Pulmonary capillary wedge 
pressure (PCWP) remained stable at 7–9 mmHg. Note the v‐waves at baseline which resolved in response to vasodilator infusion.
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Pulmonary embolism (PE) presents in a continuum of severity that 
spans from incidentally discovered subsegmental PE to massive PE 
resulting in cardiogenic shock and death. The main cause of death 
in patients with large PE is right ventricular failure, cardiogenic 
shock, and refractory hypoxemia. Therefore, rapid recanalization of 
the pulmonary arteries is the ultimate goal of all therapies for acute 
PE, regardless if pharmacologic (anticoagulation or systemic 
fibrinolysis), surgical, or catheter‐based.

Risk stratification and patient selection
All patients presenting with PE should be risk‐stratified with the 
goal of: (i) identifying patients who are at high risk of dying if they 
do not receive treatment with thrombolysis or surgical embolec
tomy; and (ii) identifying patients who are likely to develop chronic 
thromboembolic pulmonary hypertension (CTEPH). Whereas a 
number of well‐validated risk stratification tools help identify 
patients at increased risk of death or clinical deterioration from PE, 
identifying patients who are more likely to develop CTEPH is more 
challenging. CTEPH occurs in 2–4% of patients after acute PE, and 
is mostly diagnosed in patients who are in their forties [1,2]. 
Recurrent PE, larger perfusion defects, and younger age at presen
tation appear to be some of the strongest predictors for the develop
ment of CTEPH [3]. Whether thrombolysis (systemic or 
catheter‐based) or thrombectomy decrease the risk of developing 
CTEPH is not known, but there are small studies that suggest that 
aggressive revascularization of the pulmonary arteries in large PEs 
is associated with lower pulmonary pressures than in patients who 
receive anticoagulation therapy alone [4].

There are three main risk categories in patients with PE [5,6]. 
Each category carries a specific definition and has important 
 implications regarding prognosis and treatment considerations:
1 Massive PE: PE that results in persistent hypotension (systolic blood 

pressure <90 mmHg for over 15 minutes), vasopressor requirement, 
or in profound bradycardia (heart rate <40 b.p.m.). The short‐term 
mortality in these patients can be as high as 50–65%.

2 Submassive PE: diagnosed in patients with acute PE who have a 
normal blood pressure, but who have evidence of right ventri
cular (RV) dysfunction, which can be detected on physical 
 examination, cardiac biomarkers, electrocardiography (ECG), 

echocardiography, and chest computed tomography (CT) [6,7]. 
Patients are usually tachycardic, with an elevated jugular venous 
pressure. If  the RV is significantly dilated, a right parasternal 
heave can be palpated. ECG findings of acute PE with RV strain 
include sinus tachycardia, incomplete or complete right bundle‐
branch block, T‐wave inversions in leads V1 through V4, and the 
combination of an S wave in lead I, Q wave in lead III, and T‐
wave inversion in lead III (S1Q3T3).

Normotensive patients with acute PE who have any of the follow
ing factors at presentation are at increased risk of death and clinical 
deterioration: (i) RV systolic dysfunction, usually determined by 
echocardiography; (ii) RV dilatation, which can be demonstrated 
either by echocardiography or chest CT angiography, (iii) elevated 
plasma levels of brain natriuretic peptide (BNP) or N‐terminal pro‐
BNP (NT‐ProBNP); or (iv) evidence of myocardial injury, as 
assessed by elevated levels of troponin T and I [8–11]. Although 
patients with submassive PE have in‐hospital mortality rates of 
around 2–3%, which is much lower than that of patients with 
 massive PE [7,12], they are at increased risk of death or escalation of 
therapy (e.g., need for endotracheal intubation, cardiopulmonary 
resuscitation, thrombolysis). Consequently, these patients are often 
considered for thrombolysis.

RV dilatation is defined as the right ventricular diameter to 
left ventricular diameter ratio greater than 0.9 [13–15]. This 
ratio can be measured by echocardiography in the apical four‐
chamber view, measuring the maximal ventricular diameters at 
end‐diastole. More commonly, however, the measurement is 
made on PE‐protocol chest CT angiography. The RV/LV short‐
axis diameters are measured at the valvular plane. Maximal 
ventricular diameters are obtained by measuring the distance 
between the free ventricular wall and the interventricular septum, 
perpendicular to the septum. When making the RV measure
ments, contrast within the LV should be seen. Non‐gated, axial 
images are sufficient for the accurate measurement of the 
 maximal ventricular diameters, and reformatted four‐chamber 
views are not required [16].

3 Low‐risk PE: patients with no high‐risk features (i.e., normoten
sive with no evidence of RV dilatation or dysfunction, and with 
normal levels of pro‐BNP and troponin I or T) have low mortality 
rates and generally do well with anticoagulation alone [17,18].
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Therapies for acute PE
Patients with low‐risk PE who have no contraindications to anti
coagulation should be treated with anticoagulation alone [17,18]. 
Patients with massive PE are at high risk of death and should be con
sidered for emergent systemic intravenous thrombolysis, which can 
be quickly administered in the emergency room or a hospital ward. 
Surgical embolectomy can also be considered if it can be performed 
quickly. Most contemporary catheter‐based therapies take at least a 
few hours to achieve meaningful revascularization of the pulmonary 
arteries, and are therefore generally not the preferred strategy for 
most patients with massive PE who are hemodynamically unstable. 
Whether patients with submassive PE should be managed with anti
coagulation alone, systemic thrombolysis, or catheter‐based throm
bolysis is still being hotly debated. Patients with submassive PE with 
a low or acceptable bleeding risk, and with evidence of severe RV 
dysfunction or myonecrosis can benefit from catheter‐based thera
pies or even systemic thrombolysis. Surgical embolectomy is almost 
never performed in hemodynamically  stable patients.

Medical therapy
Anticoagulation
Anticoagulation therapy remains a cornerstone in the management 
of patients with acute PE. Patients who have no low‐risk PE can be 
considered for initial treatment with one of the new oral anticoagu
lants, potentially avoiding the need for initial parenteral heparin or 
low molecular weight heparins (LMWH). The preferred parenteral 
options for therapeutic anticoagulation include LMWH or fonda
parinux [17]. For patients with end‐stage renal disease, unfraction
ated heparin is an option. If heparin‐induced thrombocytopenia is 
suspected, argatroban or bivalirudin can be used. If the patient is 
being considered for systemic or catheter‐based thrombolysis, a 
short‐acting intravenous anticoagulant, such as unfractionated 
heparin, is preferred because it can be discontinued and reversed 
rapidly. Short‐acting intravenous anticoagulants should also be 
considered in patients with acute PE who are at high risk of bleed
ing (e.g., in the early postoperative period).

The new oral anticoagulants, including the factor Xa antagonists, 
rivaroxaban, apixaban and edoxaban, and the direct thrombin 
inhibitor, dabigatran, have now been studied in approximately 
27,000 patients with venous thromboembolism (VTE) enrolled in 
phase 3 clinical trials [19–24]. These agents have similar efficacy to 

standard anticoagulation (initial heparin/LMWH bridge to a vitamin 
K antagonist), but are associated with fewer bleeding complications, 
including a ~45–55% reduction in the risk of fatal bleeding or 
intracranial hemorrhage [25,26]. Another significant advantage of 
the new oral anticoagulants is that in contrast to coumadin, they are 
not cumbersome to take: all of these agents use fixed dosing and 
monitoring is not required; there are no significant food–drug 
interactions, and they have fewer drug–drug interactions than 
 vitamin K antagonists. Table 51.1 summarizes the basic pharmaco
logic properties and FDA‐approved doses for these drugs.

Systemic thrombolysis
The only FDA‐approved fibrinolytic drug for the treatment of acute 
PE is recombinant tissue plasminogen activator (rt‐PA, or alteplase). 
The standard, FDA‐approved dose of rt‐PA consists of a 100‐mg 
intravenous infusion over 2 hours. Systemic thrombolysis is the 
first‐line therapy in patients with massive PE and cardiovascular 
collapse, who have no contraindications to fibrinolysis, because it 
can be administered without significant delay, which may not be the 
case for interventional or surgical therapies. Table 51.2 lists absolute 
and relative contraindications to thrombolysis.

The main evidence derived from a randomized controlled trial to 
support thrombolysis in patients with massive PE comes from a very 
small trial in which patients with acute PE, hypotension, and heart 
failure were randomized to pharmacologic thrombolysis with 
1,500,000 IU streptokinase infused in 1 hour followed by heparin, or 
to heparin alone [27]. The trial was stopped after the first eight patients 
were enrolled. All patients in the anticoagulation‐alone arm died from 
heart failure whereas all patients in the thrombolysis group survived. 
Consistent with these findings, a meta‐analysis of five trials suggested 
that systemic thrombolytic therapy in patients with massive PE 
resulted in a 55% reduction in the risk of death or recurrent PE (9.4% 
vs. 19.0%; odds ratio 0.45) compared with heparin alone [28]. Based 
on these data, it is generally accepted that patients with massive PE 
should be considered for emergent thrombolysis or revascularization 
of the pulmonary arteries, either surgically or through a catheter‐
based procedure [6,29,30]. The ninth American College of Chest 
Physicians (ACCP) and the American Heart Association (AHA) / 
American College of Cardiology (ACC) guidelines give a Class 2 C 
(very weak recommendation) and IIa (weight of evidence/opinion is 
in favor of usefulness) recommendations, respectively, to thromboly
sis in massive PE [6,17]. The weak strength of these  recommendations 

Table 51.1 Novel oral anticoagulants for the treatment of acute venous thromboembolism.

Drug
Mechanism of 
action Approved dose* Half‐life

Renal 
excretion

Pivotal VTE trials 
[ref]

Dabigatran 
etexilate

Direct thrombin 
inhibitor

CrCl >30 mL/min: 150 mg PO BID after 5–10 days of 
initial parenteral anticoagulation

12–17 
hours

85% RECOVER I and II 
[23,24]

Rivaroxaban Direct factor Xa 
inhibitor

15 mg PO BID x 21 days with food, then 20 mg/day  
PO

5–13 hours 33% EINSTEIN [21,22]

Apixaban Direct factor Xa 
inhibitor

10 mg PO BID for 7 days, then 5 mg PO BID 9–14 hours 27% AMPLIFY [19]

Edoxaban Direct factor Xa 
inhibitor

60 mg PO once daily after 5–10 days of initial  
parenteral anticoagulation†

9–10 hours 50% HOKUSAI‐VTE [20]

BID, twice daily; CrCl, creatinine clearance; PO, per os (orally); VTE, venous thromboembolism.
* Dose approved by the US Food and Drug Administration for the treatment of acute venous thromboembolism.
† Edoxaban dose reduction: 30 mg once daily in patients with CrCl 15–50 mL/min, weight ≤60 kg, or if taking certain concomitant P‐GP inhibitor medications.
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is a reflection of the absence of high quality data (e.g., large rand
omized controlled clinical trials) to guide management in these 
patients rather than evidence of  marginal clinical benefit.

Systemic thrombolysis in patients with submassive PE has also 
been studied. In the MAPPET study, 256 patients with submassive 
PE were randomized to alteplase plus heparin, or heparin plus pla
cebo [12]. The primary endpoint, consisting of in‐hospital death or 
clinical deterioration that required escalation of therapy (defined as 
need for catecholamine infusion, secondary thrombolysis, endotra
cheal intubation, cardiopulmonary rescucitation, or surgical or 

catheter thrombectomy) was significantly reduced and the patient 
to receive thrombolysis, from 24.6% (heparin plus placebo) to 11% 
(alteplase plus heparin) (p = 0.006). However, most of this benefit 
was driven not by decreased mortality, but by decreased rates of 
escalation of therapy. Although rates of major bleeding were higher 
in the thrombolysis group (3.6% vs. 0.8%), there was only one case 
of fatal bleeding and no cases of hemorrhagic stroke in patients 
treated with thrombolysis. More recently, in the PEITHO trial, 1006 
patients with submassive PE were randomized to the fibronolytic 
drug, tenecteplase, or placebo [31]. All patients received therapeu
tic anticoagulation with heparin. Death or hemodynamic decom
pensation (the primary outcome) occurred in 13 of 506 patients 
(2.6%) in the tenecteplase group compared with 28 of 499 (5.6%) in 
the placebo group, representing a 66% risk reduction (p = 0.02). 
Similar to MAPPET [12], thrombolysis had no effect on mortality, 
and the difference in the primary outcome was primarily driven by 
lower rates of hemodynamic decompensation. These findings sup
port the premise that rapid recanalization of the pulmonary arteries 
in submassive PE results in decreased hemodynamic decompensa
tion. However, the cost of these benefits was a substantial increase 
in the risk of major bleeding, including hemorrhagic stroke (11.5% 
of patients who received tenecteplase experienced major bleeding, 
compared to 2.4% in the placebo group). Intracranial hemorrhage 
occurred in 2% of patients who received tenecteplase and 0.2% of 
patients who received placebo. The current ACCP and AHA/ACC 
guidelines give a Class 2C and IIB (usefulness/efficacy is less well 
established) recommendations, respectively, to the use of throm
bolysis in patients with submassive PE [6,17].

Surgical embolectomy
Surgical embolectomy is a safe and effective technique in the treatment 
of acute PE when performed by an experienced cardiothoracic 
 surgeon (Figure  51.1). Surgical embolectomy requires a median 
sternotomy and cardiopulmonary bypass. Although different surgi
cal techniques have been described, an incision into the main 
 pulmonary artery is usually made, allowing thrombus to be 

Table 51.2 Contraindications to systemic thrombolysis.

Absolute Relative

Any intracranial hemorrhage

Known intracranial lesions 
that predispose to bleeding 
(e.g., malignancy, aneurysms, 
or arteriovenous 
malformations)

Ischemic stroke in the 
previous 3 months

Major trauma or surgery in 
the preceding 3 weeks

Active bleeding

TIA in the preceding 6 months
Oral anticoagulation

Pregnancy of first postpartum week

Non‐compressible puncture sites

Traumatic resuscitation

Uncontrolled hypertension (SBP 
>180 mmHg)

Advanced liver disease

Age >75 years

Infective endocarditis

Active peptic ulcer

SBP, systolic blood pressure; TIA, transient ischemic attack.

(a) (b) (c)

Figure 51.1 Surgical embolectomy. The patient presented with massive pulmonary embolus (PE), with persistent hypotension. (a) Chest CT 
angiogram demonstrated a large, almost occlusive saddle embolus, with a severely dilated right ventricle. The patient underwent surgical 
embolectomy. (b) Large emboli (up to 10 cm in length) were retrieved. (c) Postoperative CT angiogram showed minimal residual emboli. Source: 
Photographs courtesy of Dr. Marco Bologna, Miami Cardiac and Vascular Institute, Miami, FL, USA.
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removed. The incision can be extended into the distal pulmonary 
arteries when necessary. The degree of revascularization of the pul
monary arteries that can be achieved surgically is generally much 
more significant than with catheter therapies. Surgical embolec
tomy is most effective in patients with large central or saddle pul
monary emboli. Peri‐operative mortality for patients undergoing 
surgical embolectomy has declined over the last two decades. 
Survival rates among patients with massive PE treated with surgical 
embolectomy have been reported to be as high as 75–86% [32,33].

Catheter‐based therapies
Contemporary catheter‐based treatment of acute PE offers signifi
cant versatility which can be advantageous for tailoring therapy to 
the individual patient. Techniques are based primarily on mechani
cal removal or fragmentation of the thrombus or a hybrid approach 
(pharmacomechanical therapy) which combines a mechanical 
approach with local thrombolysis. The mechanical component 
allows rapid recanalization of the pulmonary artery and increases 
exposure of the thrombus to the fibrinolytic agent. The pharmaco
logic component allows a steady reduction in thrombus burden via 
a longer catheter‐delivered infusion of a fibrinolytic agent at a dos
age that is typically a fraction of that used in systemic thrombolysis. 
An important principle is that in contrast to catheter‐directed 
thrombectomy in other vascular territories (e.g., coronary arteries, 
lower extremities, or vascular grafts), interventional treatment of 
PE should be aimed at improving hemodynamic status rather than 
obtaining optimal angiographic results. Revascularization of the 
pulmonary arteries with contemporary devices and techniques is 
somewhat limited, and generally requires several hours. Therefore, 
catheter‐based techniques are generally used in patients with sub
massive PE rather than in hemodynamically unstable patients.

Catheter‐directed thrombolysis
In catheter‐directed thrombolysis access is usually obtained 
through a femoral vein or the right internal jugular vein. A multi
holed infusion catheter is advanced into the pulmonary artery. 

The catheter tip is positioned within or just proximal to the embo
lus. Although there are no standardized thrombolytic infusion pro
tocols, common regimens include alteplase 0.5–1.0 mg/hour over a 
period of 12–24 hours. If two (i.e., bilateral) catheters are used, the 
dose in each of the catheters is halved. Typical total doses of alteplase 
are 20–30 mg over 24 hours. Whether anticoagulation should be 
continued during the infusion of the fibrinolytic agent is a matter of 
some debate. Most interventionalists hold full‐dose anticoagulation 
during fibrinolysis, and instead infuse a reduced dose of heparin 
(e.g., 300–500 U/hour) through the sidearm of the access sheath. In 
otherwise young and healthy patients deemed at very low risk of 
bleeding, and who have significant thrombus burden, full‐dose 
anticoagulation with a short‐acting drug (e.g., unfractionated hepa
rin) can be continued during the infusion of the fibrinolytic. Some 
interventionalists follow fibrinogen levels during the infusion of the 
fibrinolytic because it has been suggested (though not conclusively 
demonstrated) that significant drops in fibrinogen levels pre
dict  bleeding complications. Fibrinogen levels are determined at 
baseline, and then at 4–6 hour intervals. If the fibrinogen levels fall 
to 30–40% of their level at baseline (or an absolute level <100–
150 mg/dL), then the dose of the fibrinolytic infusion rate can be 
reduced.

Ultrasound‐assisted thrombolysis
The EkoSonic Endovascular System (EKOS Corporation, 
Bothwell, WA, USA) (Figures 51.2 and 51.3) is the only catheter at 
this time to have been cleared by the Food and Drug Administration 
(FDA) for use in treating patients with acute PE. The device con
sists of two endovascular devices: an Intelligent Drug Delivery 
Catheter (IDDC), which is a 5.2 Fr multi‐lumen infusion catheter, 
and a MicroSonic Device (MSD) containing several evenly spaced 
ultrasound transducers positioned along the treatment zone. The 
EkoSonic device is capable of simultaneously infusing a fibrino
lytic drug within the pulmonary artery, and of emitting low‐
power, high‐frequency (2.2 MHz) ultrasound that “loosens” the 
thrombus, increasing penetration of the fibrinolytic drug into the 

(a) (b)

Figure 51.2 (a) Rotatable pigtail catheter. (b) EkoSonic Endovascular System. See text for details.
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thrombus, and (theoretically) accelerating thrombolysis. This is 
one of the best studied modern devices for the catheter‐based 
treatment of acute PE. The SEATTLE‐II trial was a prospective, 
single arm trial that evaluated the efficacy and safety of the 
EkoSonic catheter to reverse right ventricular dilatation on chest 
CT angiography in 150 patients presenting acute PE with an RV : 
LV ratio ≥0.9 [34]. Of enrolled patients, 79% had submassive PE, 
while 20.7% met criteria for massive PE. The alteplase dose proto
col was 1 mg/hour for 24 hours with the use of a unilateral cathe
ter, and 1 mg/hour/catheter for 12 hours in patients receiving 
bilateral catheters. Successful device placement was achieved in 
97.5% of patients. The mean total dose of alteplase administered 
was approximately 24 mg. At 48 hours, there was a 30% decrease 
in the RV : LV ratio, from 1.55 pre‐procedure, to 1.13 (p <0.0001). 
Similarly, pulmonary artery systolic pressures dropped from 
51 mmHg pre‐procedure to 37 mmHg at 48 hours. Major bleeding 
was experienced by 11.4% of patients within 30 days, but there 
were no cases of intracranial hemorrhage.

Suction embolectomy
The AngioVac System (AngioVac, Vortex Medical, MA, USA) is a 
suction device that allows the suction of intravascular material (e.g., 
thrombus, myxoma, and vegetation) while maintaining extracor
poreal circulation. This option can be attractive in patients with 
large central PE [35], or those who are ineligible for thrombolysis. 
The system consists of two components: the AngioVac Cannula 
catheter, and the AngioVac Circuit (Figure 51.4). The 25‐Fr cathe
ter has a balloon‐expandable funnel at the tip that functions as a 
cannula. The catheter can be advanced percutaneously or through a 
surgical cutdown, usually through groin access, although some 
interventionalists have used this system through the right internal 
jugular vein. An adjustable amount of suction (up to 80 mmHg) is 
applied at the cannula to suction the unwanted material; blood is 
filtered and then returned via another sheath to a contralateral large 
peripheral vein. The Circuit system has features of a cardiopulmo
nary bypass circuit and requires a trained perfusionist for its opera
tion. The limited flexibility and maneuverability of the 25‐Fr 

(a)

(c) (d)

(b)

Figure 51.3 Catheter‐based therapy for a patient with submassive PE. (a) Saddle embolus extending into the bilateral main pulmonary arteries 
(arrows). (b) Marked right ventricular (RV) dilatation (asterisk) with a RV : LV ratio of 1.7. (c) Pulmonary angiogram shows a large filling defect 
within the right pulmonary artery. (d) An EkoSonic catheter was placed in the bilateral pulmonary arteries. Tissue plasminogen activator (tPA) 
was infused at a rate of 0.5 mg/hour through each catheter for approximately 12 hours.
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catheter is an important limitation of this system in the treatment of 
patients with PE.

Right ventricular assist device
Although experience with right ventricular assist devices (RVAD) 
for the treatment of massive PE is extremely limited, there are case 
reports that suggest they can be a life‐saving intervention in care
fully selected cases. As opposed to extracorporeal membrane oxy
genation (ECMO), which bypasses the entire pulmonary circulation, 
RVAD only bypasses the RV. RVADs can be placed surgically, or 
percutaneously. In at least one recent case report of a 48‐year‐old 
patient with acute massive PE and persistent cardiogenic shock, 
bypassing the acutely failing RV, but not the pulmonary circulation, 
with a percutaneous RVAD stabilized the patient and led to a full 
recovery [36,37].

Rotatable pigtail catheter
This is an early technique in catheter‐directed therapies for PE 
[4,38,39]. A high‐torque 5‐Fr pigtail catheter is advanced over the 
wire and wedged within the thrombus. The catheter has a radiopaque 
tip, 10 side holes, and an oval side hole in the outer tangential plane of 
the loop that allows straight passage of the guidewire (Figure 51.2). 
Once positioned within the thrombus, the loop is rapidly spun 
around the axis formed by the catheter and guidewire, fragmenting 
the thrombus. This is a purely mechanical form of thrombolysis 
which can be considered in patients with massive or submassive PE, 
with contraindications to pharmacologic thrombolysis, and who are 
not candidates for other surgical or catheter‐based therapies.

Aspirex
The Aspirex device (Straub Medical, Wangs, Switzerland) has three 
components: the catheter (usually 6, 8, or 10 Fr), a control unit, and 
an electric motor (drive). At the tip of the catheter there is a helix‐
like driveshaft inside the catheter tubing, creating negative pressure 
that allows thrombus aspiration through a distal aspiration port. 
Although the device has been extensively tested in animals, and 
there are a numerous published small case series that suggest its 
efficacy and safety, it has not been approved by the FDA, and is not 
available in the USA.

Rheolytic thrombectomy (AngioJet)
The AngioJet device (Medrad Interventional, PA, USA) consists of 
a double‐lumen catheter that generates high‐pressure saline jets at 
the catheter tip, creating a vacuum that allows thrombus aspiration. 
There are numerous reports of the development of severe bradyar
rhythmias (including high‐degree AV block and asystole) and death 
developing within seconds of activating the system [40–42]. These 
concerns have prompted the FDA to issue a black‐box warning 
regarding intrapulmonary interventions with the AngioJet system.

Inferior vena cava filters
The only indication for an inferior vena cava (IVC) filter use in 
patients with acute PE that all major societies agree with is in 
patients who have contraindications to anticoagulation (AHA/
ACC class I recommendation, level of evidence B). Other more 
controversial indications include patients with acute PE who have 
poor cardiopulmonary reserve and who are deemed to be at high 

Reinfusion
cannula

Centrifugal pump
console

Filter

Saline bag

AngioVac cannula

AngioVac circuit

Figure 51.4 The AngioVac System. Unwanted intravascular material is aspirated with the AngioVac cannula. Blood is filtered, and then 
reinfused into a large peripheral vein.
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risk of death if they develop another PE (Class IIb recommenda
tion, level of evidence C). Most patients with massive or submas
sive PE fall into this category. In a recent analysis from a Nationwide 
Inpatient Sample that included over 2 million patients who were 
discharged with a diagnosis of PE, IVC filter use was associated 
with lower in‐hospital mortality in patients with massive PE, and 
in stable PE patients who underwent thrombolysis [43]. IVC filter 
placement has been shown to reduce the incidence of recurrent PE, 
but not to lower long‐term mortality. IVC filters do not prevent 
continued thrombus formation, and can increase the risk of deep 
venous thrombosis. Patients who receive removable IVC filters 
should be re‐evaluated periodically for retrieval of the filter as 
soon as deemed safe.

Conclusions
All patients with acute PE should be risk‐stratified as soon as the 
diagnosis of PE is made. Patients who meet criteria for massive PE 
should receive systemic thrombolysis, unless there are any con
traindications. Surgical embolectomy is also an option if it can be 
performed quickly. Because revascularization of the pulmonary 
arteries with catheter‐based therapies generally takes at least a few 
hours, these strategies are rarely used in hemodynamically unstable 
patients. However, catheter‐based therapies should be considered 
in patients with submassive PE who do not have increased bleeding 
risk, especially if there is evidence of significant RV dilatation or 
dysfunction, or myonecrosis. Currently, there are no standard 
 protocols for catheter‐based therapies for PE, and the strength of 
recommendations for this strategy are overall weak. The catheter or 
device used is usually determined by institutional experience and 
resources. The strongest indication for IVC filter use is in patients 
with acute PE who are ineligible for anticoagulation. However, 
selected patients with submassive or massive PE can also benefit 
from placement of a retrievable IVC filter, even if they are candi
dates for anticoagulation.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Hypertension is a common condition with an estimated 1 billion 
individuals affected worldwide [1]. In 2010, it was the leading single 
risk factor for mortality and accounted for 9.4 million deaths world
wide [2]. Worryingly, its prevalence is increasing and it is estimated 
that over the next two decades hypertension will affect approxi
mately half of the world’s population [1].

A meta‐analysis of almost 1 million patients confirmed a linear 
relationship between blood pressure and vascular mortality [3]. 
This linear dose–response relationship serves to remind us that not 
only are those patients with higher blood pressure at greater risk of 
cardiovascular events, but also that any reduction in blood pressure 
will help reduce this risk. Indeed, a 2‐mmHg reduction in systolic 
blood pressure is expected to reduce stroke mortality by 10% [3].

Despite an awareness of hypertension and its harmful con
sequences being described in texts dating back to ancient China 
(2600 bc), effective therapies were not first reported until the 
1900s [4]. Two therapeutic options were available: the low sodium 
Kempner diet and surgical sympathectomy. Though sometimes 
efficacious, neither was well tolerated by patients and both fell out 
of favor in the 1950s when the first effective antihypertensive medi
cations were developed [4].

Therapeutic options have progressed since then. The most recent 
international guidelines on the management of hypertension (from 
the European Society of Cardiology) [5], suggest that following 
diagnosis patients should implement lifestyle changes which 
include sodium restriction, moderation of alcohol consumption, 
dietary changes, weight reduction, regular physical exercise, and 
smoking cessation. In conjunction with this, medications are also 
required and currently the available classes of antihypertensives 
include: angiotensin‐converting enzyme inhibitors, angiotensin II 
receptor antagonists, calcium‐channel blockers, and diuretics. 
Further treatment strategies include aldosterone‐receptor antago
nists, adrenoreceptor (α or β) blockers, and centrally acting agents.

Resistant hypertension
Amongst treated hypertensive patients, only 50% will achieve 
adequate control [4]. Those who do not are either not compliant 
with medications, are under‐medicated, or are misdiagnosed and 
have white coat hypertension [6]. Up to 20% of patients with 

uncontrolled hypertension develop secondary (and thereby 
potentially curable) forms of hypertension [7]. Those that remain 
are classified as having resistant hypertension, defined as blood 
pressure consistently >140/90 mmHg despite compliance with at 
least three classes of antihypertensives (one of which is a diuretic) 
at maximally tolerated doses [6].

The resistant hypertension cohort tends to have a longer dura
tion of hypertension, greater end‐organ damage, and a greater mor
tality rate than non‐resistant hypertensive patients [6]. As such, this 
high‐risk patient group would benefit from intensive treatment. 
However, the evidence‐base guiding management of resistant 
hypertension is sparse; there are fewer than 10 randomized, 
 controlled, and blinded studies involving patients with resistant 
hypertension. There has been resurgence of interest in the manage
ment of this condition driven by the development of novel non‐
pharmacologic therapies. In this chapter, we review one of these 
therapies, renal denervation, and summarize its journey from 
bench to bedside.

Rationale of targeting the renal 
sympathetic nervous system
An important factor underlying several forms of hypertension is an 
elevated level of sympathetic nerve activity. Neurogenic control of 
blood pressure is evidenced by the increase in blood pressure in 
patients with hypertension when waking up, coincident with the 
morning surge in sympathetic activity [8]. The role of the sympa
thetic nervous system in hypertension has further been con clusively 
demonstrated in animal and human studies using complementary 
techniques [9,10]. A dose–response relationship has been demon
strated, in that those individuals with higher blood pressure also 
display evidence of greater sympathetic activation [11]. It is the 
sympathetic efferents and sensory afferents of the  kidney that are 
particularly important for the development and progression of 
hypertension [12].

Sympathetic nerve fibres originating from the brainstem supply the 
renal vasculature, tubules, and juxtaglomerular apparatus via the tho
racic sympathetic ganglia (T10–12) [13]. Activation of the nerves at 
each of these sites is associated with reduced renal blood flow, salt and 
water retention, and activation of the renin–angiotensin–aldosterone 
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system, which all promote hypertension [13]. Furthermore, afferent 
nerves originating predominantly from the renal pelvic wall travel to 
the brain and contralateral kidney via the dorsal root ganglia. The role 
of these nerves in hypertension is less well defined. Animal studies 
have demonstrated that electrical stimulation of these afferent nerves 
can produce sympathetic activation and augment blood pressure, 
though contradictory findings have also been published [14]. There is 
some evidence that sensory signals from the kidney can augment 
whole body sympathetic tone thereby not only activating renal 
 efferents, but also efferent fibres to the heart and peripheral vascula
ture [15]. In animal models of hypertension, surgical denervation of 
the renal sympathetics (afferent and efferent) significantly reduces 
blood pressure [16].

However, the relationship between blood pressure and the sym
pathetic nervous system is complex and is not the panacea for 
blood pressure control. First, using the noradrenaline spillover 
technique it has been shown that the sympathetic nervous system 
in hypertensive patients is most activated in those aged 20–39 
years and that with increasing age this effect attenuates [17]. This 
suggests that in the majority of patients with hypertension (i.e., 
those older than 40 years), the renal sympathetic nervous system 
is not as important a target. Second, hypertension is not always 
neurogenic in origin (e.g., patients have secondary causes of 
hypertension). Finally, even less is known about the role of 
the sympathetic nervous system in those with resistant hyperten
sion and interestingly there is some evidence to suggest that sym
pathetic activity in resistant hypertension could be related to 
prescribed drugs, notably diuretics and vasodilators [8]. Others 
have shown that the level of sympathetic activity in patients with 
resistant hypertension is similar to healthy non‐hypertensive 
elderly individuals [8].

Surgical sympathetic denervation
Prior to the advent of effective antihypertensive medications, patients 
with malignant hypertension (hypertension with papilledema) had a 
mortality rate of 100% at 5 years [4]. There was already data in that 
era to suggest that the sympathetic nerves were important for the 
genesis of hypertension and it was in this climate that surgeons were 
spurred to perform sympathectomies for hypertension.

The surgical technique involved either a selective renal sympa
thectomy (renal decapsulation or cautery/transection of the renal 
sympathetic nerve) or a non‐selective ganglionectomy. Large series 
of patients with severe hypertension, including individuals with 
end‐organ damage, experienced a reduction of BP accompanied by 
an improvement of mortality after sympathetic splanchnicectomy 
[18–20]. Interestingly, an improvement of mortality was also 
observed in patients who did not exhibit a meaningful BP reduction 
[19,20]. Responses to this therapy were variable and frequently 
there was a constellation of associated non‐desirable autonomic 
side effects [18]. With the development of the first antihypertensive 
medications, surgical denervation was removed from the physi
cian’s armoury as a treatment for hypertension.

More recently, the value of surgical denervation has been real
ized in a sub‐selected group of patients within renal transplant 
medicine. In patients who remain hypertensive after renal trans
plantation, native nephrectomy (which involves interruption of 
the renal sympathetic nerves) has been shown to improve blood 
pressure control and improve allograft perfusion by attenuating 
the heightened neurohumoral activation from the diseased 
 kidneys [21].

percutaneous denervation
With the maturation of percutaneous intervention and radio
frequency ablation for the treatment of cardiac arrhythmias, it was 
not a large theoretical leap to conceive a device and technique to 
ablate the renal sympathetic nerves. To take this step, an under
standing of the anatomic relationship between the lumen of the 
renal artery and the sympathetic nerves is required, as is an under
standing of the effect of radiofrequency energy on the tissue around 
the  ablation catheter tip.

Anatomy of the renal sympathetic nerves
Initial work in human cadavers lent support to the feasibility of 
renal denervation using ablation through the renal artery lumen. 
These data suggested that over 90% of the renal nerves (afferents 
and efferents) were located circumferentially within 2 mm of the 
lumen wall of the renal artery in the adventitia, making them ame
nable to disruption with ablation [22].

This work has since been surpassed by Sakakura and colleagues 
who performed a human autopsy study with key differences: they 
examined a larger number of individuals and nerves (20 patients 
with 10,320 nerves vs. 5 patients with 956 nerves); they used a 
perfusion‐fixed technique under physiologic pressure; and histo
logic analysis was performed of the whole peri‐renal tissue as 
opposed to the first 2.5 mm of peri‐vascular tissue [23]. They 
demonstrated that while there was a greater density of nerves in 
the proximal and mid segment of the renal artery, the nerves in the 
distal segment were closer to the renal artery lumen and hence 
more accessible to ablation. In a small subset they also found that 
there was no difference in nerve anatomy between hypertensive 
and non‐hypertensive subjects.

Accessory renal arteries were also shown to be associated with 
sympathetic nerves. They confirmed that renal arteries are sur
rounded by both afferent and efferent nerves, though the latter are 
more numerous. In contrast to the earlier work they discovered that 
28% of the sympathetic nerves are more than 4 mm away from the 
artery lumen, suggesting that a significant proportion of nerves are 
not accessible to current ablation technology (Figure 52.1). What 
remains unknown is the proportion of nerves that need to be inter
rupted to produce physiologic changes and clinical benefit.

Ablation catheter technology and the biophysics 
of ablation
There are six CE marked renal denervation catheters commercially 
available (Table  52.1). Five deliver radiofrequency energy (RF) 
while the other uses ultrasound. RF and ultrasound are forms of 
energy that exist on the electromagnetic spectrum. Both techniques 
lead to tissue damage through a process of resistive heating as con
sequence of energy being deposited in the area of interest (ablation 
is not synonymous with cautery). As the target tissue heats up, this 
then conducts heat to the surrounding tissues leading to expansion 
of the ablation lesion [24].

Ablation lesion size is determined by the power and duration of 
energy delivery, tissue contact of the catheter (this is important for 
RF only) and electrode cooling/tissue temperature [24]. As such, it 
cannot be assumed that each of the available catheters creates com
parable lesions. The duration of energy delivery for each catheter 
varies between 10 to 120 seconds, but is usually less than 2 minutes 
per application. The latest generation multi‐electrode catheters ena
ble all electrodes to be activated simultaneously thereby reducing 
overall procedure time and radiation exposure. Cooling of the 
lumen wall is an important feature of ablation as this enables greater 
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energy deposition along with reduced surface damage. The current 
catheter systems rely either on renal artery blood flow or irrigation 
to cool the endothelial surface of the artery. Although each system is 
tested on large mammals as part of the approval process, the results 
of these investigations are not widely available making it difficult to 
compare the depth of lesion created by each technology. A recent 
case report of a postmortem of a 36‐year‐old woman who had 
undergone renal denervation showed that the ablation did not 
extend further than 2 mm from the lumen [25].

Trial evidence
The first‐in‐man experience of renal denervation therapy was 
reported in the pilot study, SYMPLICITY HTN I, which used the 
Medtronic single electrode Flex catheter [26]. A series of safety 
measures were built into this pilot study. First, all participants were 
at the severe end of the spectrum of resistant hypertension with 
entry criteria mandating a systolic blood pressure of 160 mmHg or 
greater. Second, the first 10 patients underwent a staged procedure 
with the first procedure treating one renal artery followed by a 
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represents 10 nerves. Source: Mahfoud F, et al. 2014 [44]. Copyright 2014 Elsevier.
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 second procedure a month later to treat the other kidney. A third 
angiogram was performed 2 weeks after the second procedure. The 
renal arteries were assessed once more at 6 months with a magnetic 
resonance angiogram. Following the original publication (n = 88), 
the study was extended and data are now available for 111 patients 
with 3‐year follow‐up [27].

There were no major safety concerns from this pilot study and at 
1‐month follow‐up there was a 21/10 mmHg reduction in office 
blood pressure. The patients who completed 3 years’ follow‐up dis
played a further reduction in blood pressure at 32/14 mmHg below 
baseline. The results of this trial must be interpreted within the con
straints of first‐in‐man study design: a single‐arm, open labeled 
trial that ultimately should be viewed as showing no evidence of 
undue harm and a strong signal for efficacy. Similar first‐in‐man 
studies have reported efficacy and safety with the other catheter 
designs [28,29].

This was followed‐up by two more SYMPLICITY studies in 
which the same catheter system was used. SYMPLICITY HTN‐2 
was a multicenter, randomized, open label trial [30]. Fifty‐two 
patients were allocated to renal denervation and 54 were allocated 
to control (usual medical therapy; there was no sham procedure). 
At 6 months there was a significant reduction in blood pressure in 
the active arm by 32/12 mmHg on office readings, whereas there 
was a small increase in blood pressure in the control arm of 
1/0 mmHg. In a subset of 20 patients who underwent ambulatory 
blood pressure monitoring the blood pressure reduction in the 
active arm was more modest at 11/7 mmHg and there was a small, 
statistically insignificant, reduction in the control arm of 3/1 mmHg.

These results captured the imagination of both interventionalists 
and hypertension specialists alike. Renal denervation for resistant 
hypertension was offered on an individual patient basis in Europe, 
Asia, and Australasia. The findings of the majority of the subse
quently published reports echoed the impressive blood pressure 
effects seen in the first two SYMPLICITY trials.

However, the absence of a blinded sham procedure in the control 
arm raised theoretical concerns about bias and the reliability of 
these studies [31]. An additional concern about the conduct of 
these studies was the absence of ambulatory blood pressure moni
toring to exclude white coat hypertension. A European study in 346 
patients with uncontrolled hypertension undergoing renal denerva
tion addressed the concern about white coat hypertension by using 
ambulatory monitoring to dichotomize patients into true resistant 
hypertension (both office and ambulatory measures elevated, 
n = 303) and pseudoresistant hypertension (office measurement 
elevated but ambulatory measures normal, n = 43) [32]. Renal den
ervation was performed on both groups and although there was a 
similar reduction in office blood pressure measurements in both, 
only the true resistant cohort demonstrated a reduction in ambula
tory measures.

The US Food and Drug Administration required that a further 
trial be conducted before endorsing renal denervation as a licensed 
therapy for resistant hypertension. To this end, the SYMPLICITY 
HTN‐3 trial was launched which is, to date, the only trial of renal 
denervation with a sham‐control and a blinded design [33]. It was 
performed across 88 centers in the USA. Ambulatory blood pres
sure monitoring was mandated not only to exclude white coat 
hypertension at screening, but also to assess response to therapy as 
a secondary endpoint.

SYMPLICITY HTN‐3 randomized 535 patients, making it to date 
the largest single trial conducted in this field. In the renal denerva
tion group, the office systolic blood pressure dropped significantly at 

6 months by 14 mmHg and the ambulatory systolic blood pressure by 
7 mmHg. However, these falls were not significantly different from 
the large blood pressure reductions observed in the sham arm. In 
sub‐group analysis there was a signal that the denervation was more 
effective in Caucasians than African‐Americans. As a consequence of 
the findings of SYMPLICITY HTN‐3 the clinical role of renal dener
vation in the treatment of resistant hypertension has been challenged. 
Protagonists of renal denervation and the authors themselves have 
raised concerns that the procedural performance in the three trials 
may not have been equivalent as the operators in SYMPLICITY 
HTN‐3 were less experienced with the technique. Indeed, only 26 of 
111 interventionalists in SYMPLICITY HTN‐3 had performed five 
or more renal denervations. In a post hoc  multivariate analysis of the 
blood pressure response in the trial, number of ablation attempts was 
associated with a greater blood pressure drop.

The majority of the trial data of renal denervation in resistant 
hypertension is based upon the Symplicity Flex catheter system, 
which was first on the market. Newer catheter systems have 
evolved to provide complete circumferential ablations and work is 
still ongoing to determine if renal denervation using different 
technologies is effective.

the procedure
Patient selection
According to the current European Hypertension Guidelines, renal 
denervation represents a last resort treatment option for patients 
with resistant hypertension, in whom medical therapy fails to con
trol blood pressure values <160/<110 mmHg. Those centers that 
wish to perform renal denervation (currently in a research context) 
ought to embrace a multidisciplinary team approach for each 
patient. A dedicated hypertension specialist should be involved in 
their management [5].

The renal denervation trials specified certain anatomic features 
as exclusion criteria, though there have been reports of the proce
dure being safely performed even in the presence of some of these:
1 The renal arteries ought to be greater than 4 mm in diameter to 

accommodate the ablation catheter and minimize complications.
2 The presence of any accessory or polar arteries must be sought.
3 A length of at least 20 mm of renal artery must be available for 

ablation prior to any branches.
4 Significant renal artery stenosis or fibromuscular dysplasia is a 

contraindication to the procedure.
Computerized tomography, magnetic resonance angiography, or 

renal duplex ultrasound of the renal arteries and kidneys are the 
preferred imaging modalities to determine this anatomy as they 
allow complete visualization of the vessels, which is not always fea
sible with ultrasound. In particular they can identify accessory 
arteries (these are arteries that enter the kidney via the hilum 
 alongside the main renal artery) and polar arteries (which enter the 
kidney away from the hilum; Figure 52.2). Accessory arteries are 
found in 20% of the general population. Furthermore, cross‐ 
sectional imaging can identify branches of the main renal artery 
that supply important other organs (adrenal gland, testes, ovaries), 
whose ostia should not be put at risk.

Patients with renal artery stents have been excluded from renal 
denervation trials. However, there are reports of ablations being 
performed to the renal artery wall distal to a stent [34]. It is likely 
that ablation will be ineffective in segments, which have stents 
in situ, but appears to be safe and effective when performed distal to 
stented segments [35].
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Estimated glomerular filtration rate ought to be greater than 
45 mL/min/1.73 m2. While it may be feasible to perform the proce
dure when the renal function is worse, this is not recommended 
outside of a clinical trial and in cooperation with a nephrologist as 
part of a multidisciplinary team.

Patient preparation
When ablation is applied to the renal artery lumen, nocioceptors 
are stimulated resulting in visceral pain. General anesthesia is rarely 
required but analgesia (morphine and/or fentanyl) and sedation 
(midazolam) are mandatory. To reduce the risk of gastric aspiration 
the patient should be in a fasting state.

As shown on optical coherence tomography, renal denervation 
can induce thrombus formation at ablation sites [36]. Heparin 
should therefore be administered during the procedure and 
titrated to maintain the activated clotting time (ACT) >250 s. It is 
also suggested that antiplatelet agents (e.g., acetylsalicylic acid 
75–100 mg/day) should be administered for 4 weeks following the 
procedure to further reduce the risk of thrombus (though there is 
no definitive trial evidence for this recommendation).

As for all procedures using contrast medium, it is advisable to with
hold certain medications that can increase the risk of contrast nephro
pathy. These include metformin, non‐steroidal anti‐inflammatory 
drugs, and inhibitors of the renin–angiotensin–aldosterone system. 
Pre‐hydration with intravenous fluid is also recommended. Centers 
that have performed renal denervation in patients with an  estimated 
glomerular filtration rate <30 mL/min/1.73 m2 have used carbon 
 dioxide angiography to reduce the risk of contrast nephro pathy, 
though this is not widely available.

Vascular access and renal angiogram
Continuous monitoring of heart rate, blood pressure, and oxygen 
saturation is mandatory after administration of analgesics and sed
atives. Currently, Terumo’s Iberis system and Recor’s Paradise sys
tem can be deployed via the radial artery but all other systems 
require femoral arterial access (Table  52.1). The size of femoral 
sheath depends on the type of catheter used and can vary from 5 to 
8 Fr. The first step of the intervention (in patients with preserved 
renal function) is to obtain angiographic images of the renal artery 
with an automated aortogram (to identify accessory arteries and 

origin of each artery). Typically, 30 mL of contrast at 20 mL/s is 
delivered by an autoinjector. The tip of the pigtail is positioned at 
the level of the L1 vertebra (using the 12th rib as a landmark) and 
an image is acquired in the anterioposterior (AP) plane. A selective 
angiogram of each target artery is then acquired to confirm suita
bility for ablation and exclusion of significant renal artery stenosis. 
Intra‐arterial nitrates are helpful to dilate the renal artery fully. The 
usual choice of guiding catheter is either the internal mammary 
guide (IMA) or the renal double curve (RDC1). For femoral 
approach cases it is important to remember to use the shorter 
length catheters. For radial approach, long multipurpose or steera
ble guiding catheters are ideal. At the end of the procedure the 
sheath can be removed and the puncture site either manually com
pressed or an appropriate closure device used.

Ablation
Ablation is preferentially applied in a helical pattern (as opposed to 
circumferentially in one cross‐sectional plane) to ensure as many 
branches of the sympathetic nerves are targeted as possible but 
minimizing the risk of inducing renal artery stenosis. This is par
ticularly important with the single electrode catheters (Medtronic 
Flex and Terumo Iberis) as this pattern is created by the operator 
whereas the multi‐electrode systems create this pattern automatically 
with a single ablation. The Paradise system, which utilizes ultrasound 
energy, is the only system that applies energy in a circular pattern.

The power output (Watts) of each catheter system is adjusted 
automatically by propietary algorithms built into the generators and 
is predominately determined by sensed impedance (Ohms), elec
trode temperature (°C) and rate of temperature increase. Cell death 
occurs instantly at 50 °C [24]. For effective and safe ablation, target 
tissue temperature should be 60–80 °C. A gradual decline in imped
ance (5–20%) suggests good tissue contact and position. A rapid 
decline suggests loss of tissue contact, whereas a rapid increase 
might indicate coagulum formation. Some generators terminate the 
ablation prematurely if these parameters are detected.

Certain practical pointers are important with all of the ablation 
systems. First, proper electrode contact with the vessel wall is 
important with RF energy [24]. This can be assessed using fluor
oscopy and the detection of appropriate impedance readings. 
Second, the catheter position should be stable and this can be 
 confirmed with both fluoroscopy and the presence of stable 
impedance measurements (variations <20 Ohms). To improve sta
bility and vessel apposition some of the systems provide rotation 
and flexion control (Flex, Iberis), some require balloon inflation 
(Vessix, Paradise), while others have a preformed spiral or basket 
design (Spyral, EnligHTN). Third, ablations should be performed 
in the distal main artery first followed by further ablations as 
the  catheter is withdrawn and rotated to a new more proximal 
 segment. This is mandatory with the single electrode systems 
(Flex, Iberis, at least four ablations per artery) and suggested for 
the other multi‐electrode systems.

When this procedure was first pioneered in humans it was sug
gested that the last ablation should be applied close to the renal 
artery origin in a superior position. The histology data do not 
entirely support this assertion and suggest that the nerve density is 
greater proximally and ventrally but the nerves are closer to the 
lumen distally [23]. Theoretically, one would assume that the more 
unique sites at which energy can be safely delivered, the greater the 
probability of interruption of the sympathetic nerves.

A major limitation of renal denervation remains the lack of 
intraprocedural markers of efficacy, thus remaining an entirely 

Figure 52.2 Magnetic resonance angiography of the renal arteries. 
Polar arteries to the right kidney are highlighted with blue arrows. An 
accessory artery entering at the hilum is highlighted with a red arrow.
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 anatomically driven procedure. Blood pressure and heart rate 
response to renal sympathetic nerve stimulation before and after 
denervation are a potential method to assess efficacy of the proce
dure. There are some preliminary human [37] and animal 
data [38] to suggest that there is a dampened blood pressure and 
heart rate response to renal nerve stimulation after successful 
denervation.

Complications
Early complications of the procedure include those of any angio
graphic or ablation procedure: vascular access site damage; infection; 
skin burns; and contrast nephropathy. It is important to perform a 
selective renal artery angiogram at the end of the procedure. Spasm 
or edema of treated renal arteries is considered normal and should 
resolve within hours of ablation. There is a risk of renal artery dissec
tion or rupture either caused by trauma from the renal denervation 
catheter, guidewires, or the ablation itself. This would be identified 
during the procedure and hence could be promptly treated with 
angioplasty and stenting (bare or covered).

There are case reports to suggest that renal denervation can 
induce renal artery stenosis, especially if the procedure is  performed 
adjacent to existing plaque [39]. However, this is an uncommon 
complication with an incidence estimated to be <1%. Evidence 
from trial and registry data does not suggest that renal denervation 
accelerates renal dysfunction. However, patients who undergo 
renal denervation should be followed up long term and in those 
who display worsening renal function, rebound hypertension or 
episodes of acute heart failure, iatrogenic renal artery stenosis 
should be excluded. In addition to renal artery stenosis another 
cause of rebound hypertension is regeneration and reconnection of 
the renal sympathetic nerves, which has been shown to occur in 
animal models [40].

Unlike surgical sympathectomy for hypertension, which 
 commonly resulted in profound orthostatic dysfunction or 
chronotropic incompetence, there is no evidence to suggest that 
percutaneous denervation is associated with these adverse 
effects [41,42].

the future
Renal denervation remains a relatively safe procedure, but there 
remain questions to be answered as to its efficacy, which can only be 
achieved by well‐designed and well‐conducted trials. Useful lines of 
enquiry include:
1 What percentage of renal nerves need to be ablated to show clini

cal benefit?
2 Are the newer multi‐electrode catheters more effective in causing 

denervation but as safe?
3 How can success of renal sympathetic denervation be confirmed 

during the procedure?
4 Should patients be selected for the procedure on the basis of an 

elevated blood pressure and evidence of an elevated sympathetic 
nerve activity?
So far, renal denervation has been investigated predominantly in 

patients with resistant hypertension, a condition characterized by 
high cardiovascular morbidity and mortality. However, renal den
ervation could be particularly beneficial in other conditions associ
ated with high sympathetic activity. There have already been some 
early studies investigating its role in heart failure [43] and atrial 
fibrillation [37]. More studies are needed to understand the role of 
this interesting treatment approach in different disease states.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Intervention for valvular and structural heart disease is an 
 exponentially growing field within interventional cardiology. 
Transcatheter therapies for both valvular and congenital heart dis
ease imply the introduction of large and potentially thrombogenic 
instruments through the venous or arterial system to the site of the 
intervention, as well as the implantation of devices that require time 
for full endothelization. In addition, a proportion of these patients 
have a greater propensity for hemodynamic compromise, which 
increases the risk of ischemic stroke. For these reasons, the use of 
antithrombotic drugs for reducing the risk of stroke, systemic embo
lism, or valve/device thrombosis in the early and mid‐term period is 
key to achieving successful procedural results and improving the 
overall outcomes of transcatheter procedures. However, drugs and 
regimens for antiplatelet and anticoagulant therapy for valvular and 
structural interventions are mostly empirical in daily practice and 
typically administered at the operator’s discretion. The objectives of 
this chapter are: (i) to review the current evidence supporting the 
rationale for antithrombotic management of patients undergoing 
transcatheter aortic valve implantation (TAVI), percutaneous mitral 
valve repair with the Mitraclip system, patent foramen ovale (PFO), 
atrial septal defect (ASD) closure, and left atrial appendage closure 
(LAAC); (ii) to describe common strategies for managing antiplate
let and anticoagulant therapy in patients with valvular and struc
tural heart disease undergoing transcatheter procedures; and (iii) to 
provide insights on future directions and research lines in this field.

Embolism and thrombosis in valvular 
and structural transcatheter 
interventions
Embolic stroke is one of the most feared complications of interventional 
catheter procedures, being associated not only with increased acute 
mortality, but also with increased morbidity and physical disability.

Transcatheter aortic valve implantation
Cerebral silent embolic events have been reported post‐TAVI 
by  magnetic resonance imaging (MRI) in 68–84% of cases 
(Figure  53.1) [1–5]. Intriguingly, however, the vast majority of 

lesions had no remaining signal in follow‐up MRI and cognitive 
function stayed unaffected [4]. On a more clinical level, rand
omized controlled trials (Table  53.1) and most registries report 
stroke rates after transcatheter aortic valve replacement (TAVR) in 
the range of 2–6% at 30 days’ follow‐up. A weighted meta‐ analysis 
of 53 studies including a total of 10,037 patients estimated the inci
dence of peri‐procedural stroke and subsequent outcomes in 
patients undergoing transfemoral, transapical, or trans‐subclavian 
TAVI. Pooled rates of stroke within 24 hours and 30 days were 
1.5 ± 1.4% and 3.3 ± 1.8%, and six of every seven stroke events were 
classified as major strokes. Not surprisingly, patients who experi
enced a stroke also experienced a 3.5‐fold increased risk of mortal
ity at 30 days (25.5 ± 21.9% vs. 6.9 ± 4.2%) [6]. Similarly, another 
weighted meta‐analysis using Valve Academic Research Consortium 
(VARC) definitions reported a 3.2% (95% confidence interval (CI) 
2.1–4.8%) risk of major stroke at 30 days [7]. Of note, the incidence 
of stroke peaks within 2 days, but continues slightly afterwards, 
reflecting the high baseline risk of patients who are  currently 
referred for TAVI (Figure 53.2) [8]. Valve  thrombosis is estimated at 
a non‐negligible weighted rate of 1.2% (95% CI 0.3–2.2%) [7].

MitraClip
In the EVEREST II (Endovascular Valve Edge‐to‐Edge Repair 
Study), the only randomized trial to date reporting data of MitraClip 
versus surgical mitral repair or replacement, two strokes occurred 
within 30 days in the interventional arm (1.1% vs. 2.1% in the 
 surgical arm; p = 0.89) [9]. Observational series with different base
line case‐mix reported major strokes in 0–2.6% of cases [10–15]. 
A  weighted meta‐analysis could meaningfully increase the preci
sion of this risk estimate, given the small number of patients 
enrolled in the studies, mostly reflecting the early experience of 
 single institutions with percutaneous mitral valve repair. In the 
EVEREST II trial, clip thrombosis was uncommon, being detected 
in 1 of 184 cases (0.5%). However, a recent large national registry 
from Germany described an in‐hospital stroke incidence of 0.4%, 
but an additional 1% transient ischemic attack (TIA) and a 0.3% 
systemic embolism rate, yielding an almost 2% occurrence of 
potential thromboembolic events [16].

Antithrombotic Strategies in Valvular and Structural 
Heart Disease Interventions

Mikkel Malby Schoos1, Davide Capodanno2, and George D. Dangas3

1 Zealand University Hospital, Denmark
2 Ferrarotto Hospital, University of Catania, Italy
3 Department of Cardiology, Mount Sinai Medical Center, New York, NY, USA

CHAptEr 53

SeCTion ii Structural Heart interventions



508 Part III Hypertension and Structural Heart Disease SectIon II Structural Heart Interventions

Patent foramen ovale and atrial septal defect closure
The options for secondary prevention of cryptogenic embolism in 
patients with PFO are administration of antithrombotic medications 
or percutaneous closure of the PFO. Whether closure is superior to 
medical therapy is still unsettled, as recent results of a multinational 
trial investigating closure of a PFO for secondary prevention of 
cryptogenic embolism did not result in a significant reduction in the 
risk of recurrent embolic events or death as compared with medical 
therapy, although there was a non‐significant numerical benefit of 
device closure and the study was possibly underpowered [17].

Data on peri‐procedural stroke as the consequence of percutane
ous closure of a PFO or an ASD cannot be easily disconnected from 
the underlying risk of recurrent stroke owing to suboptimal sealing 
of the shunt area or cerebrovascular embolism from alternative 
sources. In addition, closure devices differ in terms of thrombo
genicity and the incidence of new‐onset conditions at high embolic 
potential, including atrial fibrillation [18–22]. In 499 patients from 
the Amplatzer PFO closure device arm of the RESPECT 
(Randomized Evaluation of Recurrent Stroke Comparing PFO 
Closure to Established Current Standard of Care Treatment) trial, 
one ischemic stroke (0.2%) occurred 1 week post‐implant and 
another one 5 months post‐implant with finding of severe shunting 
related to previously undiagnosed sinus venosus defect, requiring 
surgical closure [22]. No thrombus was detected on any implanted 
device. In observational series, thromboembolic events while on 
antiplatelet treatment have been reported in 1.6–8.2% of patients 
within 1 year after PFO closure [23–29]. Also, many cases of device 
thrombosis have been reported within the first months after ASD 
device implantation, with an incidence of up to 7%, depending on 
the device [30,31].

Conversely, in the trial by Meier et al. [17], where endpoint adju
dication was performed blinded to the study group assignments 
(medical therapy vs. device closure), stroke (0.5%), TIA (2.5%), and 
systemic embolism incidence (0%) remained numerically lower 
than in medically treated patients and the incidence curves only 
diverged late (after 6 months post‐procedure). The likelihood of a 
substantial procedure‐related thromboembolism occurrence is 
therefore controversial.

Left atrial appendage closure
In patients with non‐valvular atrial fibrillation and absolute contrain
dications to anticoagulation therapy, LACC with the WATCHMAN 
or AMPLATZER device is an emergent interventional treatment 

option to reduce the risk of cardiac thromboembolisms [32–34]. 
Procedure‐related stroke rates were 1.1% and 0.7% in the PROTECT 
AF [33] and PREVAIL [34] trials, respectively. Preliminary results 
in small series suggest that the risk of device thrombosis is very low. 
Urena et  al. [32] reported on patients having the AMPLATZER 
Cardiac Plug device implanted followed by dual or single antiplate
let therapy and showed a low rate of embolic and bleeding events 
after a mean follow‐up of 20 months.

pathophysiology of stroke and systemic 
embolism in valvular and structural 
transcatheter interventions
Not surprisingly, embolism of thrombotic material is more com
monly detected in left heart catheterization procedures, which 
require advancing the catheter through the aorta, thus increasing 
the risk of embolization by scraping of aortic plaques with subse
quent direct embolization of debris to the brain. Indeed, scraping of 
aortic plaques occurs more commonly with large catheters, such as 
those employed for TAVI. Embolic stroke also theoretically occurs 
in the setting of right heart catheterization in patients with PFO or 
ASD, or following transeptal puncture in patients undergoing 
Mitraclip implantation.

Transcatheter aortic valve implantation
The time distribution of strokes is inherently correlated to 
the   underlying pathophysiology. Strokes occurring in the acute 
(<24 hours) and sub‐acute early (<30 days) post‐TAVR period are 
strongly related to procedural factors, whereas late events (1–12 
months) are mostly connected to patient and disease factors [35].

Pathophysiologic mechanisms of early stroke after TAVR
Van Mieghem et al. [36] recently examined the histopathology of 
embolic debris captured in an embolic protection device following 
TAVR. Macroscopic debris was found in 30 (75%) patients and, 
out of those, 27% had amorphous calcium or valve tissue likely to 
 originate from degenerated aortic leaflets, and 43% had evidence of 
collagenous tissue coming from either the valve or the aortic wall. 
Importantly, about half (55%) of patients had thrombotic tissue 
debris.

Several pathophysiologic mehanisms account for this macro
scopic debris. First, the aortic arch is recognized as a source of 
embolic material. In fact, retrograde progression of atheroma from 
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Figure 53.1 New cerebral ischemic lesions post‐transcatheter aortic valve implantation (TAVI) as detected by magnetic resonance imaging.
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the descending aorta to the arch has been shown to correlate sig
nificantly with presence of cardiovascular risk factors and advanced 
age, conditions that are frequently encountered in patients referred 
for TAVI [37]. Retrograde crossing of a stenotic aortic valve during 
diagnostic catheterization results in new focal cerebral lesions in 
22% of patients [38].

Second, initial balloon aortic valvuloplasty (BAV) not only 
results in the fracture of valvular tissue leading to embolism of 
overlying calcium deposits, but also increases the risk of thrombo
genic complications. Stenotic valves host large amounts of localized 
tissue factor and thrombin covered by vascular endothelium. BAV, 
by means of endothelial denudation and fracture of the valve, 
exposes these factors to blood circulation, which in turn triggers 
coagulation cascades and platelet activation resulting in increased 
inflammation and recurrent thrombogenicity [39]. Therefore, 
thromboemboli can arise from the bioprosthesis before endotheli
alization is complete. Aggregation of platelet and fibrin has been 
known to occur on valve leaflet within a few hours after implanta
tion [8]. It has been suggested that the balloon expandable valve 
produces emboli during positioning of the valve on the annulus, 
whereas the self‐expanding valve does so during valve deployment, 
as manifested by simultaneous transcranial Doppler studies [40,41].

Furthermore, the interaction of the newly deployed stent valve 
with the aortic annulus over the displaced natural valve can cause 
additional embolic debris. Additional possible mechanisms are 
prosthetic valve surface exposure, flow turbulence, and exposure of 
stents struts to the circulation [42]. Blood stasis in the perivalvular 
space “outside” the metallic stent of a undersized or underexpanded 
prosthetic valve, where the irregularly crushed native aortic valve 
cusps persist, could also generate thrombi with subsequent events.

Given these pathoanatomic considerations mainly related to the 
aortic arch, the choice of the arterial access has a pivotal role in the 
determination of embolic risk with the potential advantage of non‐
transfemoral approaches. The transapical approach offers an option 
in patients hosting a high degree of aortic atheroma with potential 
reduction of the risk caused by aorta manipulation and anterograde 
valve access. The transapical access has previously been associated 
with the lowest risk [6]. However, the transapical approach is lim
ited by the risk of air embolisms, given the large catheter used and 
the direct communication of the left ventricle to the external air 
space [43] and the transapical approach is considered the more 
invasive procedure. Furthermore, no differences in the rates of in‐
hospital stroke were noted in a propensity‐matched comparison 
between the subclavian and transfemoral access from the Italian 
registry of the self‐expanding Medtronic CoreValve (Medtronic 
Inc., Minneapolis, MN, USA; 2.1% vs. 2.1%; p = 0.99) [44]. Spurring 
the controversy are results showing that despite propensity match
ing, peripheral artery disease, a marker of more advanced and 
extended atherosclerosis, was still more prevalent in patients from 
the Italian CoreValve registry treated via the subclavian approach 
than those treated transfemorally (85% vs. 21%; p <0.0001) and 
therefore the advantages of non‐transfemoral accesses in this kind 
of comparison are likely underestimated. Variables that are more 
specifically linked with the TAVI procedure include device manipu
lation in the arch, the possibility to dislocate plaque or calcium par
ticles while crossing the native valve, and the act of deploying/
post‐dilating the prosthesis. A transcranial Doppler study during 
TAVI showed that the majority of procedural embolic events 
occurred during balloon valvuloplasty, manipulation of catheters 
across the aortic valve, and valve implantation [45]. Differences in 
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Figure 53.2 Stroke incidence is estimated to be ≈ 5.5% at 30 days and ≈ 8–9% at 1 year, based on the PARTNER and the CoreValve programs. 
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symbols mark the cumulative incidence at the given time point based on landmark trials. The clear circle indicates the cumulative incidence of 
the background population (2% per year in patients over 80 years of age) and the dotted line the monthly stroke incidence rate (0.17%) of 
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the risk of stroke could be theoretically attributable to different 
mechanisms of valve deployment (self‐expanding vs. balloon‐
expandable) and characteristics of the available systems. There are 
currently no conclusive data suggesting differences in the stroke 
rate of the two types of valves. Ideally, this hypothesis should be 
investigated in the setting of a large head‐to‐head randomized com
parison. In a propensity‐matched comparison of the self‐expanding 
Medtronic CoreValve and the balloon‐expandable Edwards 
SAPIEN/SAPIEN XT (Edwards Lifesciences, Irvine, CA, USA) 
transcatheter heart valves from the PRAGMATIC Plus (Pooled‐
RotterdAm‐MilAno‐Toulouse In Collaboration) initiative, the rates 
of stroke were numerically higher with the CoreValve system but 
did not significantly differ at 30 days, likely as the reflection of the 
small sample size (2.9% vs. 1.0%, odds ratio [OR] 3.06, 95% CI 
0.61–15.35; p = 0.17) [46]. In contrast, the recent randomized 
CHOICE trial showed a numerical difference in stroke incidence at 
30 days between the balloon and self‐expandable valves (5.8% vs. 
2.6%; p = 0.33) [47]. Although these results are based on small event 
numbers and the result of chance, they could point to another 
potential, yet unconfirmed, mechanism of ischemic injury during 
TAVR. Hypoperfusion could occur during BAV and balloon 
expandable valve deployment because of repeated rapid ventricular 
pacing which is necessary for positioning and deployment resulting 
in transiently reduced cardiac output. This technique could there
fore induce ischemia to watershed areas localized in the border 
zones between the territories of two major arteries in the brain, 
where cerebral blood flow can be additionally impaired as a result 
of decreased washout of dislodged microemboli [48]. These mecha
nisms are particularly likely in the elderly population of patients 
undergoing TAVI.

Finally, operator’s experience plays a major part. This includes a 
meticulous technique and proper management of antiplatelet and 
anticoagulant therapy. A list of potential explanations for the risk of 
stroke in patients undergoing TAVI is shown in Table 53.2.

Pathophysiologic mechanisms of late stroke after TAVR
There is a range of other explanations for peri‐procedural stroke in 
TAVI patients. First, elderly patients present with a higher preva
lence of comorbidities of embolic potential, such as hypertension, 
atrial fibrillation, and carotid stenosis, which is why the stroke risk 
6 months after TAVR is believed to approach the basis risk of the 
age‐matched background population. New onset atrial fibrillation 
(NOAF) is a common complication after cardiac surgery with 
inflammatory factors acting as mediators. Patients undergoing 
TAVR are mainly octogenarians, representing a population with an 
even higher baseline risk for NOAF because of diastolic dysfunc
tion and left atrium enlargement as a consequence of aortic 
 stenosis [49]. Instrumentation during the TAVR procedure is 
another likely mechanism of NOAF. The increased prevalence of 
atrial fibrillation after TAVR is a likely cause of the elevated stroke 
risk during the first 6 months after TAVR.

Mitraclip
Embolic stroke is uncommon in the setting of right heart catheteri
zation. However, blood clots can form in and around catheters 
inside the venous system in patients who are not adequately antico
agulated. The execution of a trans‐septal puncture during the pro
cedure determines a transient direct communication between the 
venous and the arterial circulation, thereby creating the premises of 
paradoxical embolism. Reasons for clot formation vary according 
to host factors, catheter characteristics, cannulation site, and 

antithrombotic prophylaxis. Right and left heart thromboemboli in 
the setting of Mitraclip procedures rarely include thrombi that may 
develop within the cardiac chambers on injured endothelium and 
implanted devices.

Patent foramen ovale and atrial septal defect closure
Adding to thrombotic mechanisms described earlier for the 
Mitraclip procedure, transcatheter closure of PFO has been shown 
to induce significant activation of the coagulation system, which 
reaches maximal levels 7 days after device deployment, gradually 
returning to baseline by day 90 [50]. However, implantation of the 
device does not seem to be associated with any increase in platelet 
activation in aspirin‐treated patients. These findings are similar to 
those obtained after transcatheter closure of ASD [51].

Antithrombotic strategies in patients 
undergoing valvular and structural 
percutaneous interventions
The approach to antithrombotic prophylaxis against valve or 
device‐related thromboembolic complications in valvular and 
structural transcatheter intervention is currently empiric. 
Disadvantages of antithrombotic therapy include the risk of bleed
ing, especially in elderly patients like those undergoing valvular 
procedures [52].

Transcatheter aortic valve implantation
Pre‐ and intraprocedural antithrombotic treatment
Antithrombotic treatment is believed to be a cornerstone for the 
prevention of ischemic strokes during and post‐TAVR. Albeit 

Table 53.2 Stroke determinants in patients undergoing transcatheter 
aortic valve implantation (TAVI).

Patient related Age
Aortic atherosclerosis
Smaller aortic valve area
Atrial fibrillation
Carotid artery disease
Cerebral artery atherosclerosis
Watershed phenomenon
Peripheral vascular disease
Non‐transfemoral candidate

Procedure related Device manipulation
Crossing of the native valve
Fracture of the native valve
Pacing during valve deployment
Prosthesis deployment
Post‐dilatation
Bio‐prosthesis dislodgment/embolization
Access related
Operator’s experience
Valve thrombosis

Device related Valve
Frame

Post‐procedure related Antiplatelet therapy
Anticoagulation therapy
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TAVR procedures have been performed for more than a decade, 
little is known about optimal antiplatelet and anticoagulation 
 therapy. There is no consensus on the optimal duration of dual 
 antiplatelet therapy after TAVI and current recommendations for 
antithrombotic agents and strategies for TAVR (Table 53.3) and are 
not based on large controlled randomized studies. Thus, there is 
an  unmet need for better antithrombotic therapies given the fact 
that the incidence of major stroke has not declined significantly 
over time.

Intraprocedural anticoagulation with weight‐adjusted unfrac
tionated heparin (UFH) has been a well‐established standard of 
care in all major published registries of TAVI, although clinical 
practice regarding dosing is variable. In the PARTNER trial, hepa
rin was used for procedural anticoagulation (5000 IE bolus loading 
dose) with a target of activated clotting time (ACT) >250 s, whereas 
guidelines recommend a target time of 300 s. Using UFH and 
 protamine sulfate to reverse the anticoagulant effect at the end of 
the procedure has the advantage of being intuitive, relatively 
 economical, and broadly familiar in the interventional and surgical 
setting. On the downside, this approach suffers from ample 
 variability in pharmacokinetics and pharmacodynamics of heparin, 
resulting in wide interindividual response. In addition, late anti
coagulant effects of heparin, which dissociates from cells and pro
teins, and protamine, with rebound bleeding, have been described. 
Finally, rapid reversal of anticoagulation can lead to prothrombotic 
rebound with detrimental clinical consequences. (Clinical research 
in this area of TAVR is described in the section on Future 
directions.)

Similarly, dual antiplatelet therapy (loading dose, maintaining 
dose, duration) after TAVR has not been explicitly defined. For 
example, the PARTNER (Placement of Aortic Transcatheter Valves) 
trial recommendations were 75–100 mg/day aspirin, a 300 mg 
clopidogrel loading dose and 75 mg/day for 6 months following 
TAVR [53]. In the large FRANCE‐2 (French Aortic National 
CoreValve and Edwards) registry [54], patients were on aspirin 
(≤160 mg/day) and clopidogrel (300 mg loading dose, then 75 mg/
day) before the procedure and aspirin alone after 1 month of dual 
therapy. In general, it seems that most centers adopt a strategy of 
low‐dose aspirin and a short to intermediate period with a thieno
pyridine. The American College of Chest Physicians (ACCP) prac
tice guidelines for antithrombotic and thrombolytic therapy in 

valvular heart disease support this strategy, but with a low grade of 
recommendation and level of evidence [55]. The recommendations 
for antithrombotic agents and strategies in patients undergoing 
TAVR are summarized in Table 53.3.

Post‐procedural antithrombotic treatment
The underlying rationale for adding clopidogrel to aspirin derives 
from the initial TAVI experience, when extracorporeal bypass for 
hemodynamic support was used during the procedure. Grube et al. 
[56] observed two cases of prolonged and severe post‐procedural 
thrombocytopenia in patients who were not treated with clopi
dogrel, likely as the reflection of platelet activation processes and 
consumption. TAVI is now performed mostly under local anesthe
sia and/or light sedation with no need for extracorporeal circula
tory support, and very infrequent cases of mild and transient 
thrombocytopenia have been reported [57]. The need for a course 
of dual antiplatelet therapy is theoretically supported by the delay of 
time needed for incorporation of the prosthesis within the aortic 
wall for neointimal tissue growth and endothelialization. This pro
cess begins with early fibrin deposition, linked to inflammatory 
response and foreign body reactions. Three months later, smooth 
muscle cells and endothelial cells replace fibrin [58]. While these 
findings derive from histopathologic studies of CoreValve explants, 
clinical evidence for the benefit of dual antiplatelet therapy after 
TAVI remains elusive. Clopidogrel loading dose or treatment dura
tion or are not specifically defined in guidelines, and lately the gen
eral usefulness of clopidogrel on top of aspirin in TAVR patients has 
been questioned [59,60]. In two studies comparing DAPT with 
mono‐antiplatelet therapy (aspirin or clopidogrel), dual antiplatelet 
therapy did not reduce the incidence of new strokes but was associ
ated with a significantly higher rate of major and life‐threatening 
bleeding complications.

Ussia et  al. [59] reported in a small single center study on 
79  patients randomized to either dual antiplatelet therapy with a 
300‐mg loading dose of clopidogrel on the day before TAVI  followed 
by a 3‐month maintenance dose of 75 mg/day on a background of 
aspirin 100 mg or aspirin alone. The primary efficacy endpoint, a 
composite of major cardiac and cerebrovascular events, including 
overall mortality, myocardial infarction, major stroke, urgent or 
emergency conversion to surgery, or life‐threatening bleeding, 
occurred with a similar frequency between the two groups both 

Table 53.3 Recommendations for antithrombotic agents and strategies after transcatheter aortic valve replacement (TAVR).

ACC/AHA/STS [77] eSC [78] CCS statement [62] ACCP [55]

Procedural Unfractionated heparin
Goal ACT: 300 s
Reversal with 
protamine 
recommended

Post‐procedural Aspirin 81 mg 
indefinitely
Clopidogrel 75 mg for 
3–6 months
If VKA indicated, no 
clopidogrel

ASA or clopidogrel 
indefinitely
ASA and clopidogrel 
early after TAVI
If VKA indicated, no 
antiplatelet therapy

Indefinite low‐dose 
aspirin + P2Y12 for  
1–3 months
If OAC is indicated, 
avoid triple Tx unless 
definite indication exists

Aspirin (50–100 mg/day) + 
clopidogrel (75 mg/day) 
over VKA for 3 months

ACC, American College of Cardiology; ACCP, American College of Chest Physicians; ACT, activated clotting time; AHA, American Heart Association; ASA, 
acetylsalicylic acid; CCS, Canadian Cardiovascular Society; ESC, European Society of Cardiology; OAC, oral anticoagulant; P2Y12, thienopyridine; TAVI,  
transcatheter aortic valve implantation; VKA, vitamin K antagonists.
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at  30 days (13% vs. 15%; p = 0.71) and 6 months (18% vs. 15%; 
p = 0.85). There were no differences in VARC‐defined major and 
minor bleeding between the two strategies. Although limited by the 
small sample size, this study does not seem to support a strategy of 
short‐term adjunctive use of clopidogrel added to aspirin after 
TAVI. These findings were essentially confirmed by Durand 
et al. [60] in a recent prospective observational study. As it is unclear 
whether thrombi produced during and after TAVR are of platelet or 
thrombin‐based origin, the latter does not favor clopidogrel as an 
effective agent in these patients and more investigations are needed.

Controversy also exists for patients with a history of pre‐existing 
atrial fibrillation. There is no consensus or evidence from trials 
regarding treatment with triple therapy, warfarin with one anti
platelet or warfarin alone, although American and Canadian 
 guidelines discourage the use of triple therapy (Table 53.3) [61,62].

In a recent report, serial imaging of bioprosthetic aortic valves 
implanted either surgically or with a TAVR procedure were found 
to exhibit leaflet thrombosis in 15–20% which was associated with 
leaflet motion abnormality and less frequently with adverse neuro
logic events and disappeared with oral anticoagulation [63]. This 
finding concurs with an earlier report of successful treatment of 
bioprosthetic valve thrombosis with anticoagulation [64]. These 
observations have increased the medical awareness around this 
phenomenon and has initiated the clinical investigation on leaflet 
thrombosis, leaflet motion imaging, and their possible relationship 
with neurological overt or silent abnormalities. This field is 
expected to evolve over the following years.

MitraClip
The manufacturer leaves antithrombotic management of Mitraclip 
to the discretion of the operator, because of a lack of specific inves
tigations comparing different treatment strategies after percutane
ous mitral valve repair. Indicatively, in the EVEREST II trial, 
patients were treated with heparin during the procedure, and a 
combination of aspirin (at a dose of 325 mg/day) for 6 months and 
clopidogrel (at a dose of 75 mg/day) for 30 days after the procedure. 
While no definite device thrombosis was identified in the EVEREST 
trial, several cases of large thrombus formation after Mitraclip 
 procedure in clinical practice have been reported. Bekeredjian 
et al. [65] published a case report on thrombus in the posterolateral 
wall of the left atrium and on the right atrial side of the septum on 
day 5 after Mitraclip implantation, and the authors reported a note 
of caution on the need for a course of anticoagulation in patients 
undergoing percutaneous mitral valve repair. Hamm et  al. [66] 
reported a 3‐week post‐procedural cardioembolic stroke caused by 
thrombus formation on the MitraClip, despite the patient receiving 
dual platelet therapy. Overall, evidence on peri‐procedural 
antithrombotic regimens is very sparse, but Alsidawi and Effat [67] 
recently published a set of recommendations; however, these can 
neither be interpreted as a consensus paper nor as guidelines. They 
state that patients not being treated with antiplatelets should be 
started on aspirin 325 mg and clopidogrel 75 mg immediately after 
the procedure for 6 months to 1 year. Anticoagulation should be 
interrupted at least 5 days before the procedure. Only patients with 
high risk for thrombosis (previous mitral valve prosthesis, caged‐
ball or tilting disc aortic valve, stroke, TIA or venous thromboem
bolism within 6 months, CHADS2 ≥ 5, rheumatic valvular heart 
disease, or severe thrombophilia) should be bridged regardless of 
their risk of bleeding. The management of patients with moderate 
risk for thrombosis should be individualized depending on their 
bleeding risk and informed decision. Heparin should be bolused 

right after successful trans‐septal puncture (ACT around 250) and 
bivalirudin is not recommended. Patients in whom anticoagulation 
was interrupted before the procedure should be started back on 
their anticoagulation regimen. If needed, heparin infusion can be 
started 6 hours after the access sheath is removed. Post‐procedural 
anticoagulation is currently not recommended if no other indica
tion for anticoagulation exists; however, the above case reports call 
for more studies addressing this issue and caution is warranted.

Patent foramen ovale and atrial septal defect closure
There are no studies on the most appropriate antithrombotic ther
apy after transcatheter closure of PFO/ASD, and the choice of 
antithrombotic drugs after these procedures has been empirically 
determined, with aspirin as the agent most frequently used. In the 
CLOSURE‐1 (A Prospective, Multicenter, Randomized Controlled 
Trial to Evaluate the Safety and Efficacy of the STARFlex® Septal 
Closure System Versus Best Medical Therapy in Patients With a 
Stroke and/or Transient Ischemic Attack Due to Presumed 
Paradoxical Embolism Through a Patent Foramen Ovale) trial, 
after PFO closure with the StarFlex device, all patients were given a 
standard antiplatelet regimen including clopidogrel (75 mg/day) for 
6 months, and aspirin (81–325 mg/day) for 2 years. Experimental 
studies have demonstrated that the Amplatzer PFO occluder is par
tially endothelialized 1 month after implantation and completely 
covered by neoendothelial cells at 3 months [68]. Thus, the first 
weeks after PFO closure constitute a vulnerable window with newer 
devices, in which the closure system is potentially more thrombo
genic [69,70]. Remarkably, most of the patients who experience 
device thrombosis are receiving antiplatelet treatment, and most of 
them are successfully treated with heparin or warfarin. Therefore, 
some operators advocate short‐term anticoagulation (1–3 months) 
after PFO/ASD closure. Once device endothelialization is com
pleted and no residual shunt is observed, anticoagulant treatment is 
then switched to antiplatelet therapy or no antithrombotic 
treatment.

Left atrial appendage closure
In order to prvent to prevent large thrombus formation on the 
device during its endothelialization, patients were treated with war
farin and aspirin (81 mg) for 45 days after implantation, in both the 
PROTECT AF and PREVAIL trials [32,34]. Furthermore, these 
study designs dictated that if the 45‐day transesophageal echocardi
ography documented either complete closure of the left atrial 
appendage, or if residual peri‐device flow was <5 mm in width and 
there was no definite visible large thrombus on the device, warfarin 
was discontinued. After discontinuation of warfarin, only clopi
dogrel 75 mg/day and aspirin 81–325 mg/day were prescribed until 
the 6‐month follow‐up visit, at which time clopidogrel was discon
tinued and aspirin alone was continued indefinitely.

Future directions and conclusions
Bivalirudin is a direct selective inhibitor of the activated coagula
tion factor II (thrombin). Direct thrombin inhibitors have some 
advantages over the heparins, such as lack of dependence on plasma 
protein, which results in a more predictable response and makes 
them very attractive for use in populations at high risk of bleeding 
(Table  53.4). Bivalirudin was shown to be efficacious in BAV 
patients in the BRAVO (Effect of Bivalirudin on Aortic Valve 
Intervention Outcomes) trial [71]. Bivalirudin is evaluated for its 
assumed beneficial bleeding profile but concerns over reversibility 
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of its activity exist in the case of life‐threatening bleeding/vascular 
complications. Additionally, it is a strictly procedural agent (paren
teral administration) which can only impact acute events.

Bivalirudin was recently evaluated against procedural heparin 
during TAVR in the BRAVO 2/3 (Effect of Bivalirudin on Aortic 
Valve Intervention Outcomes 2/3) trial, which is an ongoing inter
national, multicenter, open‐label, randomized controlled trial of 
bivalirudin in patients undergoing transfemoral TAVI. A total of 
802 patients were randomly assigned to either standard dosing 
of bivalirudin (bolus 0.75 mg/kg plus infusion) or UFH (targeting 
an activated coagulation time ≥250 s) as control (UFH with possible 
protamine reversal). Use of antiplatelet agents pre, during, and 
post‐procedure, and possibly oral anticoagulants post‐procedure, 
will be according to the sites’ standard practice. The primary end
point was major bleeding defined as Bleeding Academic Research 
Consortium (BARC) type ≥3 at 48 hours or hospital discharge, 
whichever occurred first [72]. Based on the final results of the 
BRAVO3 trial [73], direct thrombin inhibition with bivalirudin 
during TAVI did not significantly reduce major bleeding at  
48 hours and was found non‐inferior to heparin with respect to the 
net adverse clinical event rate at 30‐days post‐TAVI. Despite the 
absence of an immediate antidote (which was a safety concern for 
this approach early on), rates of adverse events were in fact arith
metically lower with bivalirudin. This indicated that the percent of 
anticoagulant reversal in case of life‐threatening complications 
does not have an overwhelming clinical impact. If one takes into 
account the cost of bivalirudin, heparin (with possible reversal with 
heparin) remains the main anticoagulant for TAVI. Anticoagulation 
with bivalirudin is safe and feasible in patients who undergo TAVI 
and cannot receive heparin. Further research with antithrombin 
agents is expected to evolve in this field.

The clustering of thromboembolic risk factors in TAVI popula
tions such as renal failure (10%), atrial fibrillation (40%), severe 
chronic obstructive pulmonary disease (15%), coronary artery 
 disease (70%), peripheral vascular disease (30%), and moderate to 
severe mitral regurgitation(30%), implies that long‐term anticoagu
lation therapy (beyond 12 months) after TAVR is of value. Whether 
such a strategy would provide benefit is currently unknown [74].

Importantly however, >50% of post‐procedural strokes are of a 
likely thromboembolic nature. To that end, the prescription of a 
mid‐term (up to 6–12 months) anticoagulation therapy might have 

a significant role in the reduction of subacute and late strokes [75]. 
Currently, anticoagulation treatment after TAVI is only recom
mended if other indications for anticoagulation exist.

Triple therapy after TAVI should be avoided in those patient 
cohorts with a high inherent bleeding risk. Furthermore, data show 
no difference in stroke rates in mono‐antiplatelet versus dual anti
platelet therapy, and the combination of one oral anticoagulant with 
one antiplatelet has recently shown better safety results without 
excess ischemic events in comparison to triple therapy in patients 
with atrial fibrillation [76]. The exact regimen and duration remain 
to be determined in a prospective manner. Modifiable risk factors of 
late strokes such as hypertension, diabetes, dyslipidemia, and smoking, 
should undergo aggressive treatment attempts. The pharmacology‐ 
oriented guidelines of the TAVI field are expected to evolve over 
time based on evidence generated from trials [77,78].

A number of relatively novel antiplatelet (i.e., prasugrel, ticagre
lor) and anticoagulant (dabigatran, rivaroxaban, apixaban) agents 
have recently entered the cardiologist’s armamentarium in Europe 
and the USA. None of these drugs is currently approved from 
European or US regulatory agencies for antithrombotic manage
ment of patients undergoing valvular or structural percutaneous 
intervention. Randomized clinical trials remain the most appropri
ate setting to establish the safety and efficacy of a drug for any novel 
indication. Several studies for patients undergoing TAVI are under
way. The currently enrolling POPular‐TAVI trial investigates 1000 
patients divided in two cohorts, one with (cohort A) and one with
out (cohort B) a pre‐existing oral anticoagulation indication (atrial 
fibrillation, previous systemic embolism, mitral valve prosthesis) 
(NCT02247128). Patients in cohort A are randomized to aspirin 
monotherapy versus sspirin + clopidogrel and patients in cohort B 
are randomized to oral anticoagulation vs. oral anticoagulation + 
clopidogrel. Another ongoing trial is the ARTE study (n = 300), which 
randomizes TAVI patients to aspirin monotherapy versus DAPT for at 
least 6 months (NCT01559298).

The safety and efficacy of the current approach for TAVI, 
Mitraclip implantation, and PFO/ASD closure, mostly using a 
short to intermediate term combination of aspirin and clopidogrel 
after the procedure, and UFH during the procedure, has never 
been prospectively investigated in a randomized clinical trial. 
Therefore, at present, the apparent superiority of any antithrom
botic approach over another remains speculative. Research ques
tions include which antiplatelet anticoagulant agents to use after 
valvular and structural interventions, when they should be admin
istered, at which doses, and for how long. Careful and tailored 
risk–benefit assessment is needed for any antithrombotic combi
nation in patients undergoing valvular or structural transcatheter 
interventions [79].

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Left‐ventricular outflow tract obstruction is seen in approximately 
25% of patients with hypertrophic cardiomyopathy under resting 
conditions, and is an independent predictor of poor prognosis 
[1,2]. Although negative inotropic drugs can efficiently alleviate 
symptoms in many cases, 5–10% of patients with hypertrophic 
obstructive cardiomyopathy (HOCM) remain refractory to drug 
therapy [3]. Surgical myectomy (also known as the Morrow opera
tion) has been performed since the 1960s, and has been shown to 
reduce outflow gradients. Nevertheless, some patients are not 
regarded as favorable candidates for this major intervention because 
of factors such as advanced age, concomitant medical conditions, or 
previous cardiac surgery [4,5]. In 1994, a catheter treatment (known 
under a variety of abbreviations listed in Box 54.1) using absolute 
alcohol to induce a localized myocardial infarction to the interven
tricular septum was introduced as an alternative to surgery [6]. 
Alcohol‐induced septal branch ablation had been previously 
described for therapy of ventricular tachycardia [7]. This technique 
was applied to HOCM after clinical observations of improvement 
in a patient with septal hypertrophy who developed an anterior 
myocardial infarction and also the transient reduction in left‐
v entricular outflow pressure gradients observed with temporary 
septal artery balloon occlusion. Since its introduction, there has 
been growing enthusiasm for this technique. Indeed, over 800 pro
cedures were performed during the first 5 years [8], and the number 
to date is probably more than 5000 [9,10]. Although initially con
fined to Europe and North America, this technique is now being 
performed worldwide [11].

Selection of patients
Patient selection for alcohol septal ablation (ASA) should be based 
on a careful individual evaluation of the clinical symptoms, associ
ated comorbidities, and echocardiographic and angiographic 
parameters [5,9,12]. The primary indications for the procedure are 
New York Heart Association (NYHA) or Canadian Cardiovascular 
Score (CCS) Class III or IV symptoms despite adequately tolerated 
drug therapy with a documented left ventricular outflow tract 
(LVOT) gradient variably defined as ≥50 mmHg at rest or after 

exercise, or >30 mmHg at rest or ≥60 mmHg under stress. Likewise, 
selected patients with advanced NYHA or CCS Class II symptoms 
(e.g., those with syncope and severe pre‐syncope) and a resting 
g radient >50 mmHg or >30 mmHg at rest and ≥100 mmHg with 
stress can also be considered for the procedure (Box 54.2). However, 
a septal wall thickness <18 mm should be taken as a contraindication 
for ASA because of the risk of septal perforation.

Mechanisms of treatment efficacy
In HOCM, obstruction is caused by protrusion of the hypertro
phied interventricular septum into the outflow tract and by systolic 
anterior movement of the mitral valve due to a Venturi phenomenon 
and a drag effect [5,13].

ASA induces a well‐demarcated subaortic necrosis, correspond
ing to approximately 10% of the post‐ablation total left ventricle 
mass (or 31% of the septal myocardial mass), as assessed by various 
imaging techniques (such as single‐photon emission computed 
tomography, positron emission tomography, and contrast‐enhanced 
magnetic resonance imaging) [14–18]. However, with the use of 
smaller ethanol doses nowadays, septal necrosis is probably less.

The hemodynamic response to the induced reduction of septal 
myocardium is usually triphasic [5,19]. Immediately after ASA, 
there is a marked reduction of the LVOT gradient. Proposed mech
anisms involved in the acute benefit are improvement in left ven
tricular relaxation and compliance via a reduction in regional 
asynchrony, resulting in an increase in left ventricular passive filling 
and a reduction in left atrial size and left ventricular ejection force 
[20–23]. This initial relief is usually followed during the following 
days by a rise of the LVOT gradient to about 50% of the pre‐proce
dure level, possibly in relation to some degree of recovery from 
stunning or to edema caused by the infarct, which subsequently 
disappears [19,24]. Finally, within the following weeks to months, 
there is a new decrease in LVOT gradient back to the post‐ablation 
level. It is believed that long‐term benefit results from the creation 
of localized septal infarction and scarring, which increase LVOT 
diameter as a result of septal thinning and “therapeutic remodeling” 
[14,20,25,26]. The overall effect is an increase in left ventricular 
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size, a decrease in left ventricular mass and hypertrophy [15,25,26], 
and alteration of septal activation, resulting in incoordination of 
contraction [27]. The regression of hypertrophy in areas remote 
from the basal septum after ASA indicates that myocardial hyper
trophy in HOCM is in part afterload dependent and is not entirely 
caused by the genetic defect [25,26]. Furthermore, changes in 
diastolic function resulting from ASA also seem to contribute to 
long‐term improvement in hemodynamics [28]. This effect might 
be brought about by more favorable relaxation as well as a reduction 
in left ventricular stiffness secondary to regression of hypertrophy 
[22,23,25,29,30], decrease in interstitial collagen, and expression of 
tumor‐necrosis factor [31].

the technique
Assessment of outflow gradient
Although some centers only measure the gradient non‐invasively 
using echocardiography, most operators use hemodynamic meas
urement of outflow gradient during the procedure to confirm the 
gradient. A 5 Fr pigtail or multipurpose catheter with side holes 
situated close to the tip can be used to measure pre‐stenotic pres
sure. Many operators prefer to introduce the catheter retrogradely 
via a controlateral femoral arterial puncture, rather than perform 
trans‐septal puncture with a Brockenbrough catheter as described 
initially [6]. It is essential to place the catheter close to the apex 
particularly in cases with mid‐ventricular hypertrophy. A J‐wire is 
sometimes used to advance the catheter further toward the apex. 
Attention should be paid to avoid entrapment in the myocardium, 
as this can exaggerate the gradient. This is achieved by injecting a 
small volume of contrast via the catheter, and checking for proper 
clearance of the dye.

A 7 or 8 Fr guiding catheter (e.g., short tip Judkins type which 
allows deep intubation of the vessel if necessary) is placed in the 
ascending aorta to measure the post‐stenotic pressure. A 6 Fr cath
eter can cause excessive pressure damping with concomitant use of 
a balloon catheter required for alcohol injection later during the 
procedure, and should therefore not be used. After exclusion of a 
valvular gradient, the peak‐to‐peak intraventricular gradient 
should be measured at rest, during isoproterenol infusion, and after 
extrasystoles (Figure  54.1). Isoproterenol infusion is particularly 
useful to reveal a gradient in sedated patients and can be adminis
tered by diluting 200 µg in 50 mL saline, with injection of a bolus of 
1–3 mL followed by additional boluses until a heart rate of 100–120 
b.p.m. is reached.

In order to ensure backup pacing in the advent of complete atrio
ventricular (AV) block, a temporary pacing wire should be placed 
in the right ventricle. If extrasystoles are not observed spontane
ously, the pacing wire may also serve to measure the post‐extrasys
tolic gradient by programmed stimulation (with coupling intervals 
of approximately 370 ms). Any beta‐blocker therapy should be 
d iscontinued because of the increased risk of heart block and also in 
order to assess the underlying outflow gradient optimally.

Placement and testing of the balloon catheter
An angiogram of the left coronary artery is performed (Figure 54.2a). 
Milking of the septal perforators that supply the hypertrophied seg
ments, which is often observed, is a good indicator for identifying 
the target vessel. Placing the guidewire in the septal branch can 
occasionally be challenging because of a steep take‐off angle. It can 
be helpful to pre‐shape the guidewire with two angles through a 
needle as shown in Figure  54.3 (rather than a curve). A floppy 
guidewire should be tried first, and advanced distally into the septal 
perforator in order to ensure stability. Stiffer guidewires (interme
diate, or in rare cases a standard wire) are sometimes needed to 
make the balloon go through steep angles. Exceptionally, a 4 Fr 
catheter with a sharp angle (e.g., an internal mammary catheter) 
can be used as an inner catheter to pre‐select septal branches with 
extremely steep takeoffs for placing the 0.014‐inch guidewire. 
Nonetheless, catheters should be manipulated with extreme caution 
to avoid dissection. Ultimately, another balloon catheter can also be 
briefly inflated just distally to the septal branch, and the 0.014‐inch 
guidewire bounced off into the targeted vessel.

The targeted septal branch should have a diameter of at least 
1.5 mm. After administration of intravenous heparin, the shortest 
available balloon catheter (a 10 × 2 mm balloon is suitable for most 
cases) is placed as proximally as possible in a stable position. The 
balloon should be adapted to the dimension of the vessel and 
slightly oversized (usually 2–3 mm). Although balloons dedicated 
to this procedure have been developed, standard angioplasty bal
loons can be used. If there is early proximal branching of the septal 
perforator, a very short balloon (5 mm) can be used. Consequently, 
the guiding catheter should be positioned more deeply to give more 
support for the balloon catheter and avoid recoil during injection. 
The balloon should be inflated with a pressure of 4–6 bar, and 
proper positioning should be verified by injection of contrast agent 
into the left coronary artery (Figure 54.2b), and then distally via the 
lumen of the balloon catheter using about 1 mL dye (Figure 54.2c). 
Absence of retrograde leakage and stability of balloon position 
(especially with shorter balloons) should be verified cautiously. 
A  key point is to inject the contrast forcefully via the inflated 
 balloon catheter when testing for stability. In addition, the extent of 

Box 54.1  Common abbreviations for alcohol septal ablation.

ASA Alcohol septal ablation
ASR Alcohol septal reduction
NSMR Non‐surgical myocardial reduction
NSRT Non‐surgical septal reduction therapy
PTSMA Percutaneous transluminal septal myocardial ablation
TAA Transcoronary alcohol ablation
TASH Transcoronary ablation of septal hypertrophy

Box 54.2  Criteria for selection of patients for alcohol septal ablation.

• Symptoms refractory to adequate tolerated drug therapy
• NYHA or CCS Class III or IV with a resting gradient of >30 mmHg or 

≥60 mmHg under stress or ≥50 mmHg at rest and/or with provocation
• NYHA or CCS Class II in selected patients (e.g., those with syncope or 

severe pre‐syncope) with a resting gradient >50 mmHg or >30 mmHg at 
rest and ≥100 mmHg with stress

• Basal septal wall thickness ≥18 mm
• Adequately sized septal perforator supplying the area of the systolic 

anterior motion‐septum contact
• High risk of surgical morbidity and mortality
• Absence of concomitant cardiac disease requiring surgery (such as 

extensive coronary artery disease that would be treated surgically, 
organic valvular disease, morphologic abnormalities of the mitral valve 
and papillary muscles)

CCS, Canadian Cardiovascular Society; NYHA, New York Heart Association.
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myocardium supplied by the septal branch and shunting of flow to 
non‐targeted regions can also be analyzed, preferably using two dif
ferent projections. The injection of contrast agent also increases 
ischemia to the territory of the septal branch. The outflow gradient 
should be monitored constantly, and within 5 minutes of balloon 
occlusion, a drop in the resting gradient by >30 mmHg or the post‐
extrasystolic gradient by >50 mmHg should be observed. In a sig
nificant proportion of patients, these criteria are not met [30]. 
Nowadays most operators prefer echocardiographic criteria using 
echo contrast to delineate the target area. If necessary, the balloon 
catheter can be positioned in another septal branch. The target ves
sel occasionally originates from an intermediate or diagonal branch 
[32], or from the posterior descending artery in case of a dominant 
right c oronary artery [12].

Guidance by myocardial contrast echocardiography (MCE) has 
proved to be particularly useful, and can influence the inter ventional 
strategy in 15–20% of cases either by changing the target vessel or 
aborting the procedure. In addition, MCE allows increased success 

rates despite reduced infarct size, which in turn reduces complica
tions [20,32]. Before injecting alcohol, 1–2 mL echo contrast (e.g., 
Sonovue®, Levovist®, Optison®, Albunex®) is injected via the inflated 
balloon catheter under transthoracic echocardiography in the apical 
four‐ and five‐chamber views (Figure  54.4a). This will ascertain 
whether the opacified myocardium is adjacent to the region where 
the anterior mitral leaflet comes into contact with the septum, and 
allows withholding of alcohol administration where there is a sub
optimal perfusion pattern, such as if the right side of the interven
tricular septum is predominantly opacified [33]. This technique 
also allows the delineation of the infarct zone and rules out any ret
rograde leakage or involvement of myocardium distant from the 
expected target region such as the ventricular free wall or papillary 
muscles [16,32,34]. With echo contrast volumes of more than 1 mL, 
transcapillary leakage of the contrast medium into the ventricles 
occurs, more often the right than the left (Figure  54.4b). When 
echo contrast is not available, echocardiography can also be per
formed by using agitated regular contrast dye injection in the septal 

Figure 54.1 Hemodynamic monitoring with a resting peak‐to‐peak gradient of 100 mmHg and a post extrasystolic gradient of approximately 
170 mmHg.
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perforator via the occluded balloon catheter. Furthermore, contrast 
dye injections through the inflated balloon should not be carried 
out before echographic imaging (e.g., when testing for balloon 
s tability), as this can opacify the myocardium and make interpretation 
of the images more difficult during subsequent injections.

Alcohol injection
Once the septal perforator is deemed suitable and the balloon 
position is stable without any retrograde spilling, 0.7–3 mL 96% 
alcohol is injected through the inflated balloon catheter. Before 

this, analgesia can be administered for pain control. The volume 
injected depends on the dimension of the vessel and the volume of 
the targeted myocardium. The speed of delivery is subject to 
debate, as the alcohol may be either injected slowly over 1–5 min
utes or as a bolus. We prefer the latter technique, as this allows 
more efficient dissipation of the alcohol over a larger volume of 
myocardium and avoids preferential streaming to a single region. 
However, it can be argued that slow injection allows for longer 
contact of the alcohol with the myocardium (for instance, by ini
tially inducing capillary leakage which subsequently allows more 
alcohol extravasations into the interstitial tissue). Nonetheless, 
recent animal studies have shown that it is not the speed of alcohol 
injection, but the amount of alcohol injected that determines the 
resultant infarct size [35,36]. Therefore, during recent years, there 
has been a tendency to reduce the volume of alcohol injected to a 
maximum of 2 mL [14,30,37], which reduces complications. 
During injection, the electrocardiogram should be closely moni
tored, and the injection aborted if AV block develops. The balloon 
should remain inflated during at least 5 minutes in order to 
enhance contact of alcohol with the tissue and avoid reflux into 
the left anterior descending artery. Angiography of the left 
 coronary artery should be repeated following balloon deflation 
in  order to confirm patency of the left anterior descending 
artery  (Figure  54.2d). The target septal vessel is not necessarily 
occluded, although flow usually appears sluggish. It is not 

(a) (b)

(c) (d)

Figure 54.2 Angiography of the left coronary artery (a). Right anterior oblique view (b). Balloon catheter inflated and placed in the first septal 
branch over a 0.014‐inch guidewire (c). Contrast medium is injected via the balloon catheter to confirm the absence of retrograde leakage (d). 
Angiogram after alcohol injection. Note that the first septal branch is patent.

Figure 54.3 Pre‐shaping the 0.014‐inch guidewire with two angles 
through a blunt needle (left) and positioning of the guidewire in a 
septal branch (right).
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known  whether this has any impact on treatment efficacy. 
Echocardiographically, the injection of alcohol results in a marked 
contrast effect, which is much stronger than currently available 
echo contrast agents (Figure 54.4c).

The hemodynamic objective is a decrease of the gradient to 
<10 mmHg at rest in patients with resting gradients >30 mmHg, 
or a decrease by >50% of a significant provokable gradient [12]. If 
there is a significant residual gradient after a period of 5–10 min
utes following the last injection, a new alcohol injection can be 
attempted by placing the balloon more proximally inside the 
same septal branch, or using a shorter balloon if branches of the 
septal perforator were occluded by the balloon inflation during 
the first injection. Alternatively, a second septal perforator can be 
targeted using the same procedure as for the first branch. Most 
patients require one target perforator branch only, especially 
since the advent of MCE. Furthermore, a residual gradient of 
<30 mmHg is often acceptable, as it has been shown that outflow 
gradient can further decrease over time [19]. Some operators 
therefore prefer a “one vessel per session” approach, and it is still 
unclear whether more than a single septal perforator should be 
targeted initially.

Post‐procedural management
Vascular sheaths can be removed after normalization of coagula
tion parameters. Heparin at therapeutic levels does not need to be 
pursued after the procedure. Furthermore, all patients should 
receive aspirin (e.g., 100 mg/day) before the procedure, which 
should be continued for 1 month to prevent mural thrombosis 
resulting from the infarct. Creatinine kinase (CK) levels should be 
assessed every 4 hours in order to measure peak values. Peak rises 
are commonly in the range of 750–1500 U/L. Patients should be 
observed in the coronary care unit for 48 hours, with removal of the 
transvenous pacemaker at the end of this period in the absence of 
AV block. The patient can then be transferred to a monitored step‐
down unit for the remainder of the hospital stay (which is usually 1 
day). Inotropic and chronotropic therapy, especially beta‐blockers, 
can be resumed—possibly at lower doses—if there are no significant 
bradyarrhythmias [12].

treatment efficacy
Although no randomized controlled trial comparing ASA with surgi
cal myectomy has been performed, the general consensus is that in 
centers with appropriate expertise, operative risks, hemodynamic 
 benefits, and initial symptomatic benefits are broadly comparable with 
either technique [38]. Evidence from non‐randomized trials also indi
cate that ASA is similar to myectomy with respect to hemodynamic 
and functional improvement [39–41]. Pooled results of published 
studies on ASA show acute reductions in mean resting LVOT gradi
ents from 65 to 17 mmHg and mean post‐extrasystolic gradients from 
125 to 53 mmHg, with persistence of the reduction after 12 months 
(16 and 32 mmHg, respectively) [42]. In addition, there is a significant 
improvement at 12 months of functional class (NYHA Class 2.9–1.2, 
CCS 1.9–0.4), peak oxygen consumption (17.8–23.6 mL/kg/min), and 
exercise capacity (86.2–122.8 W). Procedure success is achieved in 89% 
of cases. Repeat procedures despite initial success are required because 
of recurring gradient and symptoms in 7% of patients. Reported 
 predictors of procedural failure are total peak CK < 1300 U/L and 
immediate residual LVOT gradient ≥25 mmHg [43].

Adverse events
Early mortality (occurring during or up to 30 days after the proce
dure) is low, with a mean value of 1.5% reported [42], which is simi
lar to that for surgical myectomy. Causes of early mortality include 
left anterior descending dissection, ventricular fibrillation, cardiac 
tamponade, cardiogenic shock, and pulmonary embolism. Late all‐
cause mortality is reported at 0.5%, the most frequent causes being 
sudden cardiac death, pulmonary embolism, congestive heart 
f ailure, and other non‐cardiac causes. Other reported adverse 
events include coronary dissection and spasm (1.8% and 1.4%, 
respectively), stroke (1.1%), and pericardial effusion (0.6%).

Spontaneous ventricular fibrillation in the immediate peri‐ 
procedural period is not frequent (2.2%), and sustained ventricular 
tachycardia is extremely rare (only three cases reported in current 
literature) [42,44].

The most frequent complication of ASA is complete AV block 
requiring permanent pacemaker implantation. Occurrence of acute 

(a) (b) (c)

Figure 54.4 (a) Apical four‐chamber echocardiogram showing the hypertrophied septum (b). Injection of echo contrast via the occluded 
balloon catheter positioned in the first septal perforator, with opacification of the basal septum (arrow). Note the presence of echo contrast 
(asterisks) within both ventricles due to transcapillary passage (c). After alcohol injection, the area of necrosis becomes echodense (arrow).
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complete AV block during the procedure varies between 21% and 
70% of patients [45–49]. Yet there is recovery of AV conduction in 
most cases (41–100%) before leaving the catheterization laboratory, 
and in two‐thirds of patients within the first 3 days [46,47]. 
Disappearance of procedural complete AV block has been reported 
as late as 13 days after the procedure [46]. Delayed complete AV 
block can also develop later during hospitalization in patients with
out previous procedural complete AV block or as a recurrence after 
recovery from acute complete AV block. Depending on the defini
tion used, delayed complete AV block occurs in 1–25% of cases, 
after a mean period of 36 hours post‐procedure, and usually 
requires permanent pacemaker implantation because of persistence 
of the conduction defect [47,49]. The block can appear sometimes 
as late as 96 hours after the procedure [50]. It is thought that tran
sient procedural conduction abnormalities are likely caused by the 
acute effects of alcohol on the myocardium and conduction system 
(ischemia, edema, and inflammation), while permanent conduc
tion abnormalities are probably caused by necrosis, scarring and, 
possibly, remodeling [47]. Ultimately, around 10% of patients 
require permanent pacemaker implantation after ASA [42].

Several studies have sought to determine predictors of develop
ment of delayed complete AV block, with conflicting results 
[43,47,49,51]. Overall, the most consistent predictors of subse
quent permanent pacing implantation appear to be baseline left 
bundle branch block (LBBB), baseline first‐degree AV block, and 
procedural complete AV block [43,47–49,51]. Some authors sug
gest elective permanent pacemaker implantation prior to ASA in 
patients with baseline LBBB [48]. Furthermore, an earlier study 
showed that use of MCE limits infarct size and reduces the need for 
permanent pacemaker implantation from 17% to 7%, subsequently 
leading to widespread use of MCE during ASA [45]. Other param
eters reported as significant predictors of complete AV block devel
opment are new intraventricular conduction defects, pre‐ or 
post‐procedure prolongation of QRS duration, retrograde AV 
nodal block (assessed by simultaneous electrophysiologic investi
gation), advanced age, female gender, bolus injection of alcohol, 
and injection of more than one septal artery. However, none of 
these parameters were systematically confirmed across different 
studies [43,47–49,51]. Based on several of these predictors, some 
groups have elaborated specific management strategies based on 
risk of complete AV block occurrence [48,49]. We and others 
implant a pacemaker if the block persists for >48–72 hours, 
although AV c onduction recovers in many patients with longer 
observation [43].

New right bundle branch block (RBBB) is seen approximately in 
half of patients [42]. This finding is not surprising, because the right 
bundle is a discrete structure that is vascularized by septal branches 
from the left anterior coronary artery in 90% of patients, whereas 
the left bundle is fan‐like and receives a dual blood supply from 
perforator branches of both the left anterior descending and poste
rior descending arteries. The left conduction system can neverthe
less be involved, and new left anterior fascicular block is reported in 
6% of procedures [42]. Furthermore, a cardiac magnetic resonance 
study reported a greater left ventricular mass reduction following 
ASA in patients who developed new RBBB compared with those 
without RBB [52].

Despite the creation of a septal infarct, new Q‐waves in the septal 
leads are rarely seen after ASA. Baseline Q waves even tend to dis
appear following the procedure [53].

In patients with permanent pacemakers undergoing ASA, loss 
of capture occurs if the ventricular lead is placed near the septum 

[54]. Increasing pacing to maximum output during the first days 
following the procedure might therefore be prudent in these 
patients.

Finally, although concern has been raised about creation of an 
arrhythmogenic substrate by ASA [10,55], there is currently no evi
dence that indicates an increase in incidence of ventricular arrhyth
mias or sudden death during follow‐up, as assessed by serial 
electrophysiologic studies before and after the procedure [30,56] or 
by analysis of implantable cardioverter‐defibrillator intervention 
rate [57].

Future directions
Since the original description in 1995, the procedure has under
gone several modifications and improvements that have led to 
optimization of the results and minimization of complications, 
most importantly through the reduction of the effective dose of 
alcohol and the use of MCE. Recently, use of intracardiac echo
cardiography has been described as a way to provide continuous 
imaging of the treated segment of the septum during the whole 
procedure [58,59]. Facilitation of septal artery cannulation by 
magnetic navigation has also been reported [60]. Other novelties 
include use of polyvinyl alcohol foam particles, absorbable gela
tin sponge, or septal coil embolization as alternatives to alcohol, 
which can further reduce the incidence of complete heart block 
[61–63]. Finally, reduction of septum by radiofrequency catheter 
ablation and cryoablation are currently under investigation 
[64,65].

Clinical investigation and expert consensus documents have 
 produced more clinical outcomes data regarding this inter
ventional procedure and have attempted to put in perspective 
the  other two ways to approach hypertrophic cardiomyopathy: 
conservative  medical therapy and surgical myomectomy. The 
importance of a comprehensive evaluation with clinical, imaging, 
genetics, interventional and  surgeon specialists has become 
widely accepted and the arrhythmic risk of all these patients war
rants additional evaluation with electrophysiology point of view. 
Reviewing these data, we deduce that different types of patients 
are treated with different therapeutic approaches and none of 
the  studies employed prospective randomization. Therefore, the 
nature of the observations does not allow a fair  comparison 
among the three treatment strategies [66–70].

Conclusions
Although surgical myectomy has set the standard of therapy for 
drug‐resistant HOCM, ASA is an alternative that may be considered 
in many patients. Data indicate that functional and hemodynamic 
success is high and similar to that of surgery, with the advantage that 
it may be performed in patients in whom major surgery is considered 
unsuitable. Benefits in comparison to myectomy also include shorter 
hospital stay, minimum pain, and avoidance of complications associ
ated with surgery and cardiopulmonary bypass. Nevertheless, ASA 
has an important learning curve, with potentially serious complica
tions, the most frequent of which is complete AV block requiring per
manent pacemaker implantation in approximately 10% of patients. 
Although these rates are declining with continuing experience, the 
advent of imaging techniques such as MCE and use of lower alcohol 
doses, the procedure should be performed only by experienced 
 operators and on carefully selected patients.
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The relationship between thromboembolic events and atrial fibril
lation (AF) has been convincingly established in numerous studies 
[1,2]. Prevention of these embolic events has traditionally been based 
on chronic oral anticoagulation with either warfarin or one of the 
newer oral anticoagulant agents (NOAC) [3]. The left atrial append
age (LAA) has been identified to be the site of thrombus formation in 
most patients in this setting [4]. Based on this, percutaneous and/or 
surgical exclusion of the LAA has been demonstrated to be an effec
tive approach to reduce the thromboembolic risk associated with AF.

Surgical LAA exclusion has been performed for many decades as 
part of cardiac surgical procedures like mitral valve surgery. However, 
this approach is limited by complications such as  peri‐operative 
stroke and/or bleeding, incomplete LAA closure,  laceration, and so 
on. Because of its invasive nature and the morbidity associated with 
surgical exclusion, non‐surgical approaches have gained consi
derable momentum. This chapter provides an overview primarily 
addressing catheter‐based devices that are currently available or 
being investigated for LAA exclusion. Most of these are designed to 
obstruct the LAA orifice mechanically from the endocardial aspect 
(e.g., Watchman and Amplatzer cardiac plug: endocardial devices). 
The Lariat procedure, however, uses a combined endo‐epicardial 
access to suture ligate the base of the LAA from its epicardial aspect 
(epicardial device). The chapter includes a general description 
of  implant technique, procedural tips, and recommendations 
post‐implantation.

Indication for LAA exclusion
Endocardial devices
The only endocardial device approved in the USA is the Watchman 
device which is indicated for patients at risk for embolic events 
(CHA2DS‐VASC2 > 1) who have been deemed to be suitable for 
anticoagulation and have an appropriate rationale to seek a non‐
pharmacologic alternative:
• History of major or recurrent bleeding on anticoagulation 

therapy;
• High risk of major bleeding secondary to trauma related to life

style, occupation, frequent falls or fall risk, where the benefits of 
anticoagulation outweigh the risk of major bleeding; and

• Inability to maintain a stable INR or comply with INR monitoring 
(and unable to take a NOAC).

The reader should note that these are the only approved indications 
that are supported by randomized data [5].

However, endocardial devices may be also considered as options 
for certain other patients. One must keep in mind that these indi
cations are not approved in the USA, are not supported by rand
omized data but are derived from observational studies, and involve 
the use of antiplatelet agents that themselves carry a significant 
bleeding risk:
• Patients with absolute contraindications to anticoagulation such 

as history of a significant bleeding event such as intracranial or 
life‐threatening bleed, the source of which cannot be eliminated;

• Increased bleeding risk: HAS‐BLED score ≥3;
• Requiring prolonged triple therapy (aspirin, clopidogrel, and 

warfarin/NOAC) such as patients with AF with recent coronary 
stenting [6];

• Conditions such as chronic inflammatory bowel disease, throm
bocytopenia, or cancer that increase bleeding risk (not reflected 
by HAS‐BLED score).

Epicardial devices
This approach is currently only available using the Lariat device. 
The typical patient offered this approach has an absolute contra
indication to anticoagulation. Outside the USA, if dual antiplatelet 
therapy is allowable, endocardial devices are still often used; 
 however, if antiplatelet therapy is also contraindicated then this 
remains the only available option.

Endocardial devices: design and 
technical details
Watchman LAA Occlusion device
The Watchman device (Boston Scientific, Natick, MA, USA) 
(Figure  55.1a) is a nitinol‐nickel and titanium alloy based device 
with 10 active fixation anchors around its perimeter frame designed 
to engage the LAA wall. The nitinol frame expands radially to 
maintain its position within the LAA. In addition, it has a membra
nous cap made of polyethylene terephthalate that functions as a 
 filter to block emboli from exiting the LAA. It is available in five 
different sizes: 21, 24, 27, 30, and 33 mm. The Watchman device is 
supported by evidence that includes nearly 6000 patient‐years of 
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follow‐up and is currently the only device approved by the US Food 
and Drug Administration for LAA exclusion [5,7–9].

Amplatzer Cardiac Plug
The first generation of the Amplatzer Cardiac Plug (ACP 1) device 
(St. Jude Medical, Minneapolis, MN, USA) consists of a self‐
expandable cylindrical nitinol “lobe” connected to a nitinol “disk” 
by a short flexible waist that facilitates positioning and conforma
tion to different LAA shapes (Figure 55.1b). This design was made 
for sealing the body and ostium of the LAA, respectively. Unlike the 
Watchman, its length is shorter than its diameter which has advan
tages for certain LAA shapes [10].

The new generation Amplatzer Cardiac Plug (ACP 2, Amulet 
device; Figure  55.1c) is designed to accommodate the highly 
 variable anatomy of the LAA and reduce complications [11]. It is 
available in eight sizes ranging from 16 to 34 mm and has a bigger 
proximal lobe, a longer waist, recessed proximal end screw, and 
more stabilizing wires than older models.

WaveCrest LAA Occlusion system
The WaveCrest system (Coherex Medical, Salt Lake City, UT, USA) 
is a nitinol structure without any exposed metal (Figure 55.1d). Its 
independent fixation anchors are separately actionable and radially 
positioned to stabilize the device once the right position is attained. 
The current generation offers three sizes: 22, 27, and 32 mm. It has 
been designed for more proximal placement and provides an alter
native for very short LAAs.

procedural aspects for implantation
In the following section we describe the implantation technique 
primarily of the Watchman and ACP devices. Implantation is typi
cally performed under general anesthesia, based on the need for 
continuous use of transesophageal echocardiography (TEE) and the 
potential risk of tamponade or device embolization from inadvert
ent patient movement during the procedure. Operators should be 
prepared to identify and treat complications such as cardiac tam
ponade, air, and device embolism, and so on. Developing protocols 
for the management of these, including the availability of emergent 
cardiac surgical backup, are necessary. Fluoroscopy and continuous 
TEE assessment by an experienced echocardiographer are required. 
Invasive arterial pressure monitoring is optional.

Imaging
Initially, the echocardiographer rules out thrombus within the left 
atrium (LA) and LAA. Once the decision to proceed with the 
implant is made, unilateral femoral venous access is obtained. 
Although pre‐procedural imaging (CT/MRI) can be useful, intra
procedural TEE assessment is usually sufficient. In general, the 
Watchman and ACP are sized such that they are 15–20% larger 
than the diameter of the landing zone within the LAA to allow for 
stable positioning. The most useful TEE views to assess LAA anat
omy are the mid‐esophageal views at 0°, 45°, 90°, and 135° 
(Figure 55.2) [12].

The following measurements are usually obtained:
• LAA ostium: this measurement is taken from the level of the left 

circumflex artery to a point 1 cm from the tip of the left superior 

(a)

(c)

(b)

(d) (e)

Figure 55.1 (a) Watchman device. (b) Amplatzer Cardiac Plug. (c) Amulet device. (d) WaveCrest device. (e) Fluoroscopic image of left atrial 
appendage (LAA) closure using the Lariat device: endo- and epicardial magnet‐tipped are connected from both sides of LAA apex (green 
arrows); the endocardial balloon is seen inflated at the level of the LAA ostium (blue arrow) and the epicardial suture is seen as it is 
tightened around the LAA ostium (red arrow). The left atrium can be seen outlined by iodinated contrast. Sources: (a) Boston Scientific. 
Reproduced with permission. (b) St. Jude Medical, Cardiology Division. Reproduced with permission. (d) Coherex Medical. Reproduced 
with permission.
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pulmonary vein limbus (0° view) or from the mitral annulus to a 
point 1 cm from the limbus (45°, 90°, and 135° views). The 
Watchman can be implanted if the maximum LAA ostium meas
ures between 17 and 31 mm. The ACP1 device is restricted to 
ostia less than 29 mm. For larger diameters, the Amulet device is 
a reasonable alternative.

• Depth: measured from the ostial line to LAA apex. A depth that is 
smaller than the width of the ostium can result in unstable posi
tioning of some devices. In this situation the WaveCrest device is 
an alternative.

Transeptal access
Anticoagulation with heparin to achieve activated clotting times of 
250–300 seconds is required. Access is then obtained under fluoro
scopic and/or TEE guidance. It is very important to perform the 
septal puncture in the inferior portion of the posterior septum, as 
this allows for direct alignment of the delivery sheath with the LAA. 
A suboptimal puncture often forces the operator to perform unnec
essary manipulation of the delivery sheath during device deploy
ment increasing the risk of potential complications. LA pressures 
are obtained and if <10 mmHg infusing saline avoids underestima
tion of LAA size. Device specific sheaths are then placed within the 
LA for device delivery.

LAA angiography
An adequate outline of LAA is essential to visualize the landing 
zone. This is usually performed by placing a 4–6 Fr pigtail catheter 
within the LAA. The best fluoroscopic views to visualize the land
ing zone for the Watchman is right anterior oblique (RAO) 30° with 
30° caudal angulation; for the ACP and WaveCrest devices, RAO 
with 30° cranial angulation is most useful.

Sizing and positioning
The size of the Watchman device chosen should be 15–20% larger 
than the diameter of the landing zone within the LAA to prevent 
dislodgement. For the Watchman device, there are three radio‐
opaque marker bands on the access sheath that serve as additional 
guides to assess the depth of the LAA. The Watchman device 
should be avoided if the LAA depth is less than the device 
 diameter and/or LAA ostium is <17 or >31 mm. For ACP devices, 
ACP1 must be avoided if the landing zone diameter is >29 mm 
and/or LAA depth <10 mm. The Amulet must be avoided if the 
landing zone diameter is >31 mm and/or LAA depth <7.5 mm. 
The device is typical upsized by 3–5 mm for ACP1 and 2–4 mm 
for the Amulet (based on landing zone/neck of LAA). Finally, 
the  WaveCrest was designed to cover LAA ostia between 18 
and 30 mm.

Deployment
Once angiography is performed, the pigtail catheter is used as a 
non‐traumatic rail over which the delivery sheath is advanced into 
the LAA. From this point onwards, the patient can be made apneic 
(if under general anesthesia) as this minimizes the risk of trauma 
to  the LAA wall by the sheath device. Generous “back‐bleeding” 
from the sheath and maintaining “fluid–fluid” connection while 
loading the device into the delivery sheath are critical for reducing 
the risk of air embolism.

For the Watchman, once the constrained device is inserted all the 
way to the tip of the access sheath, the sheath is retracted so that the 
device is exposed within the LAA resulting in deployment. This is 
confirmed by TEE imaging. For the ACP, the delivery sheath is 
placed 1.5 cm within the LAA and the “lobe” of the device is deliv
ered by retracting the sheath followed by deployment of the “disk” 

(a)

(b) (c)

Figure 55.2 (a) LAA measurements in the standard transesophageal echocardiography (TEE) view at 45° and 90° (b). (c) TEE image showing a 
Watchman device already implanted in the LAA (white arrow).
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upon retracting the sheath further. Following deployment, respi
ration can be resumed if apnea was used.

Confirmation and release
Watchman release criteria:
1 Position: the plane of the maximum diameter should be at or just 

distal to the LAA ostium. If it too distal within the LAA, partial/
full recapture may be required for repositioning.

2 Anchor: a fluoroscopic “tug test” is performed to demonstrate 
proper anchoring.

3 Size: the widest plane of the device should be compressed to 
80–92% of its original size. This confirms the correct choice of 
size.

4 Seal: ensure that all LAA lobes are distal to the device and con
firm that there is complete occlusion of the LAA ostium. Color 
Doppler is used to detect leaks. Partial or full recapture can be 
performed until residual jets are minimized.

ACP release criteria:
1 Proper alignment and adequate compression of the lobe. Absence 

of compression suggests proximal position or undersizing.
2 Lobe position (at least two‐thirds) distal to left circumflex artery 

on TEE.
3 Slight concave shape of disk.
4 Separation of the disk from the lobe.
Once all criteria are met and there is no leak noted on TEE, the 
device can be released. A gentle tug test is occasionally used to 
establish stability.

the Lariat system: a combined 
endocardial–epicardial approach
The Lariat system (SentreHeart, Redwood City, CA, USA) involves 
obtaining epicardial access followed by placing an epicardial suture 
that is then tightened around the base of the LAA, excluding it from 
the LA. This system combines trans‐septal access (endocardial) fol
lowed by the placement of a magnet‐tipped 0.025‐inch wire within 
the LAA apex. This magnetically connects itself with a second 
 magnet‐tipped epicardial wire introduced on to the epicardial 
aspect of the LAA apex (Figure 55.1e). The endocardial wire has a 
compliant 15‐mm balloon that when inflated allows identification 
of the LAA os. A lasso suture is then delivered over the connected 
wire and then ligated at the LAA os. LAA closure is confirmed by 
TEE and the pre‐tied suture is released. TEE is performed in  follow‐
up to demonstrate absence of any LA–LAA communication.

The Lariat can be considered as an alternative when LAA diam
eters are too large for either Watchman or ACP devices (although 
the upper limit for Lariat is 40 mm). However, this approach is 
 contraindicated in patients with prior heart surgery because of 
the presence of pericardial adhesions. This device should also be 
avoided in patients with superiorly oriented LAA or if the LAA 
apex is behind the pulmonary artery. The existing literature pro
vides little insight into its effectiveness as an approach to reducing 
stroke or its safety relative to other approaches [13].

post‐implantation consideration 
and follow‐up
Endocardial devices
After femoral venous sheath removal, adequate hemostasis can be 
obtained by manual compression or by placing a subcutaneous 
non‐absorbable figure‐of‐eight stitch around the tract of the sheath 

[14]. The “stitch” approach allows for adequate hemostasis by 
bringing the subcutaneous tissue together over the vein puncture 
site. Patients should be observed overnight and it is especially 
important that nursing staff are familiar with identifying complica
tions that are known to occur with these procedures. Transthoracic 
echocardiogram (TTE) is often performed to rule out pericardial 
effusion prior to discharge, although this may not be necessary in 
experienced centers.

Anticoagulation considerations
For the Watchman device, warfarin is continued post‐procedurally 
(INR 2.0–3.0) along with aspirin 81–100 mg/day.

After 6 weeks, a TEE is performed to confirm exclusion of the 
LAA:
• (i) Complete occlusion or (ii) residual leak less than 5 mm wide: 

warfarin can be stopped and replaced with clopidogrel 75 mg/day 
with increase in dose of aspirin to 300–325 mg/day. This dual 
antiplatelet therapy (DAT) should be continued for a total of 
6  months. Thereafter, long‐term aspirin at 300–325 mg is 
recommended.

• (iii) Leak greater than 5 mm in width or (iv) presence of throm
bus over the device: the patient should be maintained on warfarin 
and return in 4–6 weeks for repeat imaging.
The Watchman was approved for clinical use in the USA on 

the basis of continued use of warfarin after device implantation 
and the above protocols are followed in clinical practice. 
However, the ASAP trial [15] investigated the use of 1–6 months 
of DAT—aspirin and clopidogrel daily—followed by long‐term 
aspirin only, as an alternative to the warfarin strategy. This study 
demonstrated that the Watchman could be safely implanted 
without peri‐procedural warfarin therapy with an acceptable 
ischemic stroke rate of 1.7% (compared to 2.2% stroke rate seen 
in the PROTECT‐AF trial). This strategy, although not sup
ported by randomized data, has a role in some specific clinical 
situations.

The ACP devices have a low thrombogenicity profile and  
6 months of DAT without concomitant oral anticoagulant therapy 
is thought to be sufficient [16,17]. Of note, although many success
ful implants have been performed outside the USA using this 
 strategy, there are no randomized data available.

Other considerations
Given that endocardial devices are prosthetic materials placed 
within the circulatory system, endocarditis prophylaxis for the 
6  months following implantation should be prescribed when 
 indicated. Continuing prophylaxis beyond this point is left to the 
physician’s discretion.

Epicardial devices (Lariat)
With regards to epicardial access, a pigtail catheter is placed within 
the pericardial space for drainage overnight prior to removal. It is 
mandatory to perform a TTE before discharge to rule out pericar
dial effusion.

Anticoagulation considerations
Although this is typically performed in patients who cannot receive 
antiplatelet or anticoagulation therapy, in practice there is a marked 
heterogeneity in the use of these agents. Continuation of agents when 
possible is a reasonable strategy to prevent acute post‐procedural 
thrombus formation [18].
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Areas for future research
Except for the Watchman device, none of the other devices have 
been evaluated by randomized controlled trials and device‐specific 
trials are needed to allow the use of these devices clinically with 
confidence. Although comparisons with warfarin have been made, 
further studies evaluating LAA closure techniques against NOACs 
are needed. In addition, enhancements in delivery techniques, 
device design, and device thrombogenicity will ultimately lead to 
improved efficacy and safety of this approach to stroke prevention.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Excluding bicuspid aortic valve, atrial septal defect (ASD) is the 
most common congenital defect first recognized in adulthood 
while a patent foramen ovale (PFO) is found in 20–30% of normal 
adults. Hemodynamically significant ASDs should be closed to 
treat symptoms and to prevent the sequelae of long‐term left‐to‐
right shunt. Most ASDs are of the secundum type and 80–90% can 
be closed percutaneously [1] with equivalent safety and  efficacy to 
surgery in the properly selected patient [2,3]. PFO closure is more 
controversial. PFOs can be closed as secondary prevention after a 
stroke or transient ischemic attack (TIA) although the effectiveness 
of this strategy remains an area of controversy.

Types of ASD and PFO
The most common type of ASD is the ostium secundum type. 
Ostium secundum (or simply secundum) ASDs are defects that 
result from excessive resorbtion of septum primum during 
 development. The “secundum” refers not to the septum, but to 
this being the second hole that is seen in the septum during 
development.

Ostium primum ASD is less common. It results as a failure of the 
growing septum primum to reach the AV valves and is a persistence 
of the first hole to be seen in the septum. Ostium primum ASD is 
always associated with a defect in the AV valves and is found more 
commonly in patients with Down syndrome. These defects cannot 
be closed percutaneously as the defect is contiguous with the AV 
valves. Other types of atrial septal defects including sinus venosus 
ASD and sinoseptal defects are much less common, and are not 
amenable to percutaneous closure.

The foramen ovale is the flap valve that persists between septum 
secundum to the right and septum primum to the left. Normally, 
the two septae fuse in the months and years after birth; however, in 
20–30% of adults, the potential “trapdoor” remains. The distance 
that septum primum extends beyond the inferior limit of septum 
secundum is referred to as the tunnel, which can be quite long. 
Redundancy of septum primum is called an atrial septal aneurysm 
defined as excursion of >1 cm. Septum secundum is sometimes 
quite thickened (lipomatous) in older adults.

Cryptogenic stroke and its  
relation to PFO
Ischemic stoke is common. In older adults, the etiology is usually 
attributed to carotid stenosis, intracranial stenosis associated with 
hypertension, and cardioembolic from atrial fibrillation. Typical 
risk factors include age, hypertension, smoking, hypercholester
olemia, and family history.

In younger patients without these factors, stroke is much less 
common and the usual mechanism is referred to as cryptogenic. 
In patients with cryptogenic stroke, especially those younger than 
55 years, a patent foramen ovale is found more often than is found 
in the general population (~40% compared with 20–30% in the 
general population) [4,5]. There is presumptive evidence that 
small venous thromboemboli that would be harmlessly filtered out 
in the lungs can pass from the right atrium to the left atrium and 
then pass unfiltered to the brain causing transient ischemic attack 
or stroke.

In a patient without a prior history of stroke or TIA and the pres
ence of a PFO, there is generally no indication for PFO closure. The 
risk of a first neurologic event with a PFO is extremely low and 
cannot be shown to be higher than the baseline risk [6]. However, 
in a patient who has had a prior stroke or TIA and also has a PFO, 
the data suggest a risk of 1–5% per year of recurrent stroke [7]. The 
risk appears to be on the higher end of the range (3–5% per year) 
for those who have an atrial septal aneurysm in addition to the 
PFO [7]. In those patients, secondary prevention becomes an 
important goal.

To date, there have been three large randomized clinical trials, 
none of which showed a statistically benefit to PFO closure over 
medical therapy alone. Having said that, there were significant 
issues with these trials that may have masked a true benefit to the 
therapy of PFO closure in young patients with cryptogenic stroke 
and PFO.

The first randomized controlled trial was the Closure I trial 
which randomized over 900 patients with stroke or TIA to PFO 
 closure using the Cardioseal occluder against medical therapy with 
warfarin or antiplatelet therapy [8]. There was not a statistically sig
nificant difference in outcome of device closure patients versus 
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either medical arm and no difference between coumadin and 
 antiplatelet therapy; however, the medical therapy arm was not 
 randomized. The major criticism of this trial was poor patient selec
tion in that it was felt in retrospect that many patients with other 
causes of stroke and TIA were not properly screened out of enroll
ment, leading to a higher incidence of stroke than expected in both 
treatment arms and lack of treatment efficacy for PFO closure.

The PC trial, published in March 2013, was a multinational, 
 multicenter trial that randomized 414 patients with PFO and stroke, 
TIA, or peripheral embolization to medical therapy or device 
 closure with an Amplatzer PFO occluder. Over 4 years, a recurrent 
event occurred in 3.4% of the closure group and 5.2% of the medi
cally treated group (hazard ratio (HR) 0.62; p = 0.34). [9]. The study 
had difficulty enrolling especially because PFO closure was being 
practiced extensively outside the USA and was underpowered to 
detect a difference.

Published simultaneously with the PC trial was the most rigorous 
trial to date, the RESPECT trial comparing the Amplatzer PFO 
Occluder to medical therapy (warfarin or antiplatelet therapy) in 
patients with stroke (not TIA) [10]. The RESPECT trial enrolled 
980 patients randomized 1 : 1 and completion of the trial occurred 
after 25 stroke events. Entry criteria were more rigorous than 
Closure I and the mean age of the patients was 45.9 years. In the 
intention‐to‐treat analysis over the course of the trial, there were 16 
strokes in the medical therapy group and 9 in the closure group 
equaling a 51% risk reduction of device therapy but the p value of 
this difference was only 0.08 – not quite reaching statistical signi
ficance. However, on further analysis, three of the patients in the 
closure group did not have a device in place at the time of their 
stroke. When those three patients were excluded and the data ana
lyzed on an “as‐treated” basis, the risk reduction increased to 73% 
(p = 0.007). Subgroup analysis shows an even stronger benefit to 
closure in patients with atrial septal aneurysm, substantial shunt on 
bubble study, and to those treated with antiplatelet therapy versus 
anticoagulation. The risk of PFO closure was low with a 2.4% inci
dence of procedure‐related events and a 2% incidence of device‐
related events—none fatal.

Based on these data, the trial sponsor (St. Jude Medical) has 
submitted an application to the FDA for the Amplatzer PFO 
occluder for secondary prevention of stroke in patients with PFO. 
However, despite the data being published for more than 2 years, 
the FDA has yet to make a determination. The significance of 
the  study results are debated in the medical literature [11,12]. 
PFO  closure is being performed outside the USA using vari
ous   occluders, and in the USA off‐label using the Amplatzer™ 
Cribiform Septal Occluder, and also with the Gore® Helex® Occluder/
Cardioform. A third randomized trial is underway comparing the 
Gore Helex/Cardioform Occluder to medical therapy but enroll
ment has been difficult.

Our practice has been to offer PFO closure to patients with PFO 
and cryptogenic stroke after a full disclosure of the state of the sci
ence and discussion of the small risk of the procedure. The usual 
patient is between 18 and 60 years of age with a PFO demonstrated 
by transesophageal echocardiography (TEE), with positive bubble 
study, and a prior stroke or TIA with no other cause demonstrated. 
The stroke work‐up is ideally undertaken in partnership with a 
stroke neurologist to exclude other etiologies for stroke that will not 
be helped by PFO closure.

The presence of an atrial septal aneurysm and strongly positive 
bubble study makes the case for closure more compelling and, in 
our opinion, a reasonable option for patients. There is certainly 

no benefit to having a PFO, and so the arguments against closure are 
the risk of the procedure (low), and the cost. Insurance coverage for 
off‐label PFO closure has been variable in the USA, with some 
insurers outright refusing to cover the procedure and others willing 
to pay for the procedure based on the available data.

A rare indication for PFO closure absent stroke or TIA is the 
patient with orthodeoxia‐platypnea syndrome as a result of right to 
left flow at the atrial septal defect. This unusual circumstance can 
be seen following a pulmonary lobectomy in a patient with a PFO. 
In this instance, upright positioning directs the inferior vena cava 
(IVC) flow across the PFO resulting in significant right to left shunt 
and desaturation (orthodeoxia) and shortness of breath (platypnea) 
in the upright position. These patients have a very large bubble 
shunt seen on echocardiography – worse in the upright position. 
PFO closure in these patients is curative [13].

Patients with PFO closed for secondary stroke/TIA prevention 
have reported an improvement or even cure of recurrent migraine 
symptoms that were present prior to closure. Patients with migraine 
and aura are more likely to have a PFO (40–60%) than found in the 
general population (20–30%) [14]. Despite initial enthusiasm, only 
a single trial of prospective studies to assess PFO closure as a ther
apy for recurrent migraine in patients without stroke or TIA has 
been completed, with disappointing results [15].

Atrial septal defect
Physiology
Although ASD is usually diagnosed in childhood, it is also the 
most commonly diagnosed congenital condition in adulthood 
(excluding bicuspid aortic valve). It is not uncommon to see an 
adult patient with a significant ASD with only subtle physical 
examination findings. In addition, flow across an ASD is depend
ent on the relative diastolic compliances between the right and left 
ventricles. With increasing age, the left ventricle becomes less 
compliant, increasing the flow across an ASD that had otherwise 
gone undetected. Symptoms of shortness of breath on exertion can 
start to appear in middle age onwards as a result of the increased 
flow. Atrial fibrillation as a result of chronic left and right atrial 
stretch from volume starts to be seen in the fourth and fifth decade 
onwards.

Indications for closure
ASDs that have a shunt fraction of ≥ 1.5 : 1 should be closed as these 
have been shown to be enough of a hemodynamic burden to 
increase the risk of right heart failure, arrhythmias (mainly atrial 
fibrillation), and pulmonary hypertension (PAH) with time [16]. In 
addition, exercise capacity is increased in patients undergoing 
 closure for hemodynamically significant ASD [17]. Severe PAH, 
especially in a younger patient, is a relative contraindication to clo
sure and can hasten their demise. Advanced PAH therapy should be 
considered and these patients should be managed in conjunction 
with an experienced PAH center. Some benefit from ASD closure if 
they respond to treatment [18]. Milder pulmonary hypertension in 
older patients (<½ systemic pressure) is common and usually 
improves with closure as pressure = flow/resistance. When the flow 
across the pulmonary bed is reduced, the corresponding pressure 
will decrease as well.

The size of an ASD in the adult that can lead to a significant shunt 
is usually one that is larger than 6 mm. Smaller ASDs in the adult 
are not associated with enough left to right shunt to warrant closure 
on a hemodynamic basis.
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ASD transcatheter closure: patient selection
For patients with ASD, a TEE showing a secundum ASD and right 
ventricular dilatation is required. Further anatomic information can 
be obtained with a pre‐procedural TEE but this step can also be 
obtained at the time of closure if the transthoracic images are good. 
A good device candidate is one where the defect is large enough 
to warrant closure, but not so large as to make closure unlikely to 
be  successful. The usual “window” where this falls is a defect of 
6–26 mm in diameter. The occluder size needed for closure will be 
several millimeters larger than the static dimension measured on 
echocardiography. Smaller than 6 mm is unlikely to require closure 
and larger than 26 mm becomes less likely that a device will be able 
to close the defect without embolization. The largest ASD occluder is 
a 40‐mm Amplatzer Septal Occluder (38 mm in the USA);  however, 
devices this large are rarely used and are best limited to centers with 
extensive ASD closure experience. There is always discussion about 
adequacy of atrial septal “rims” for closure (Figure 56.1). The mini
mum rim is frequently quoted as 5 mm; however, in practice, many 
patients have deficiency especially of the anterior rim and can have a 
successful implantation provided the remainder of the rims are 
 adequate and the device is not oversized [19].

Closure of ASD and PFO
In 1995, the Amplatzer Septal Occluder was first introduced for 
human study for closure of atrial septal defect and gained CE mark 
in 1998 and FDA approval in 2001. The Gore Helex Occluder was 
FDA approved in 2006 and has been recently supplanted by the 
newer Gore Cardioform Occluder that was FDA approved in 2015. 
Gore has ceased manufacturing the Helex occluder since mid 2015. 
There are no devices yet approved for PFO closure in the USA.

The Amplatzer Septal Occluder (ASO) is made from a winding 
of nitinol wire creating two disks and a central waist with polyester 

fabric disks sewn into the mesh to create an occluding surface. This 
device was the first approved device to close ASDs and gained wide
spread popularity owing to its simple design, ease of use, and 
 excellent closure characteristics. The device is sized according to 
the central waist ranging from 4 to 40 mm (38 mm in the USA) 
(Table 56.1).

The Amplatzer Cribiform Septal Occluder is a modified version 
of the ASO designed to close multifenestrated atrial septal defects. 
This occluder is different from the ASO in that the central waist is 
narrow and closure relies on the disks of the occluder. The 
Cribiform occluder is available in four sizes: 18, 25, 30, and 35 mm 
which corresponds to the size of the disks. The cribiform occluder 
is very similar to the PFO occluder used in the RESPECT study; 
however, the PFO occluder has a uniform 18 mm left atrial disk and 
the right atrial disk is 18, 25, or 35 mm in diameter. Owing to the 
design, the cribiform occluder is most used for off‐label PFO 
 closure in the USA.

The Gore Helex occluder is a winding of a nitinol wire frame with 
a Goretex (ePTFE) bag that, when extruded from the delivery cath
eter, creates two disks of equal size. Unlike the Amplatzer, the device 
size refers to the size of the disks. The device sizes are available from 
15 to 35 mm in 5‐mm increments. The Helex occluder has been 
supplanted by the newly approved Gore Septal Occluder (renamed 
the Gore Cardioform). The Cardioform is a multilobed nitinol 
frame with a Goretex bag. The device is superior to the Helex in that 
the multilobed design is more rigid and less prone to embolization. 
The simple delivery handle system is also an improvement over the 
clumsy push–pull technique needed for the Helex. The Cardioform 
is available in sizes from 15 to 30 mm in 5‐mm increments with a 
recommended 1.7 : 1 sizing ratio also making the device best suited 
to small and medium‐sized defects up to 17 mm.

Contraindications to ASD and PFO closure
The usual considerations of active infection or left atrial thrombus 
would preclude patients from a closure procedure. Defects other 
than PFO or secundum ASD cannot be closed with current device 
technology. The presence of a temporary IVC filter is sometimes 
encountered in patients undergoing PFO closure. Venography 
should be undertaken in those patients to ensure that there is not a 
large thrombus on the filter that could be dislodged with paradoxical 
embolization. Congenitally interrupted IVC with azygous continua
tion is rarely encountered but makes closure from the femoral 
approach impossible. Transhepatic access for closure or an superior 
vena cava (SVC) approach could be attempted by experienced opera
tors in settings where the IVC approach is contraindicated.

Technique
ASD and PFO closure are similar. We will begin the discussion with 
the elements that are common to both and diverge for the differences.

Premedication
Aspirin 81 mg is usually started 3–5 days beforehand. For patients 
with aspirin sensitivity, clopidogrel 75 mg/dly can be used instead.

Femoral venous access provides the preferred angle for ASD 
and PFO closure. ASD and PFO closure is difficult from the SVC 
approach owing to the sharp angle needed to cross back from right 
atrium to left atrium with a relatively large, stiff sheath. Arterial 
access is not usually performed unless concomitant coronary 
 angiography is required. For patients > 50 years of age in whom 
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Figure 56.1 Atrial septum defect (ASD) rims. Atrial septum as 
viewed from the right atrial surface. The rim that is usually deficient 
to some degree is the antero‐superior or aortic rim. Large defects 
often have limited inferior vena cava (IVC) rim for a distance and are 
called IVC confluent.
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there is a large ASD and risk of device embolization, we perform 
coronary angiography routinely prior to attempting ASD closure in 
case surgery is required.

For atrial septal defect, a right heart catheterization is performed 
to assess cardiac pressures and shunt fraction. For PFO, unless there 
are other issues, we usually do not assess hemodynamics.

Heparinization is achieved with 100 U/kg heparin to a maximum 
of 5000 units with an activated clotting time (ACT) goal of ≥250 s.

Imaging for ASD and PFO closure
Single plane fluoroscopy is sufficient for ASD and PFO closure and 
echocardiographic imaging is required for both.

TEE is most commonly used for ASD closure, while intracardiac 
echocardiography (ICE) is a good alternative for PFO closure and 
also for smaller ASDs. For TEE, the echocardiographer or anesthe
siologist will be an indispensable ally in assessment of the atrial 
 septum, device selection, and assessment of device positioning 
across the atrial septum. Two‐dimensional imaging is usually better 
than three‐dimensional imaging for assessing defect size and rims 
(Figure 56.2).

For ICE, the interventionalist usually also interprets the images. 
The advantage of ICE is that the procedure can be performed with 
minimal sedation without the use of anesthesia and with a faster 
post‐procedure recovery. TEE generally provides a better view of 
the atrial septum and we prefer this imaging for larger ASDs. ICE 
probes are disposable and cost in the range of $2500 each. There 
are companies that will resterilize used probes and sell them back 
(usually at about half the cost of a new probe) for up to three times 
of use.

Intracardiac echocardiography
Two ICE imaging systems are available: Seimens AcuNav and St 
Jude Viewflex. The Siemens probes are available in 8 and 10 Fr and 
the St. Jude catheter needs a 10 Fr introducer. Unlike intravascular 
ultrasound (IVUS), ICE has a “forward looking” array rather than a 
circumferential array to give a two‐dimensional view of the anat
omy. Both ICE probes have handles that allow for two degrees of 
freedom of movement of the tip–forward and backward in the 
plane of the array and side‐to‐side—and also have color Doppler for 
assessment of flow. Access for the additional catheter is usually per
formed in the same femoral vein as access for the catheterization a 
few millimeters inferior to the first needle entry.

The ICE catheter is advanced to the right atrium. Often this 
needs to be done under fluoroscopy as the catheter tends to 
“snag” in venous tributaries and patients complain of back pain 
when it occurs. The atrial septum is best viewed by retroflexing 
the catheter and turning the catheter clockwise past the aorta to 
view the septum in a “long axis” view (Figure 56.2, Aa). The fora
men ovale is seen in this view. Color Doppler interrogation can be 
performed to assess for ASD and the catheter should be rotated 
clockwise and counterclockwise to “sweep” the atrial septum for 
ASD. The catheter can then be further retroflexed and rotated 
rightward to view the septum in a “short axis” view (Figure 56.2, 
Bb). The aortic rim of tissue is best viewed in this plane to assess 
for deficiency. The ASD should be measured in both planes. For 
patients with PFO, a bubble study can be performed at this point 
to assess for right to left bubble shunt. The patient can be 
instructed to perform a Valsalva to bring out right to left shunt 
not observable at rest.

(A) (a)

(B) (b)

(C) (c)

(D) (d)

Figure 56.2 Intracardiac echocardiogram and corresponding 
fluoroscopic images during patent foramen ovale (PFO) closure. 
Note that unlike transesophageal echocardiography, the right atrium 
(RA) is the closest chamber to the probe. A: ICE catheter in RA 
retroflexed to view atrial septum in long axis (a). B: ICE catheter 
further retroflexed and turned clockwise to view atrial septum in 
short axis (b). C: Crossing PFO with multipurpose catheter and 
Magic Torque wire. Note that wire crosses the septum at the level 
of the catheter imaging the PFO. The wire tip is in the left atrial 
appendage (c) wire crossing PFO. D: Following placement of a 
25 mm Amplatzer™ Cribiform Occluder, the device is visualized in 
the long‐axis with ICE (d).
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Once the defect is crossed and closure is underway, the septum 
can be viewed as the left atrial disk contacts the septum and after 
the right atrial disk is formed. Final device position and a post‐ 
procedure color Doppler interrogation for ASD or bubble study for 
PFO can then be performed (Figure 56.2, Dd).

ASD and PFO closure precedure
After access and interrogation of the atrial septum with ICE or 
TEE, the ASD/PFO is crossed in preparation for closure. The 
easiest catheter and wire combination in our experience is a 6 Fr 
Multipurpose catheter and a 0.035–260 cm Magic Torque wire 
(Boston Scientific). The advantage of this wire is that it is very 
directable, the floppy tip avoids damage to cardiac structures, 
and the relatively stiff shaft can be used as the guidewire over 
which the delivery sheath is advanced for PFO closure without 
the need to exchange guidewires. The multipurpose catheter is 
positioned in the lower one‐third of the right atrium and the tip 
is directed to the patient’s left and then turned clockwise. 
Clockwise rotation points the tip posteriorly where the atrial sep
tum lies. The atrial septum is probed with the wire and entry to 
the left atrium is confirmed when the wire crosses to the left of 
the spine without ventricular ectopy. If ventricular ectopy is 
encountered, the wire is in the right ventricle and needs to be 
withdrawn and probing continued more posteriorly (more clock
wise rotation of the catheter). One “trick” that can be used to help 
cross the PFO/ASD is that with ICE or TEE, the ultrasound array 
that is imaging the PFO/ASD must be at the same superior/infe
rior location as the PFO for the imaging. Under fluoroscopy, the 
array can be visualized and probing aimed at that level 
(Figure 56.2, Cc). In our experience, the ultrasound image itself 
is not particularly helpful in probing for the defect as the part of 
the wire that is seen tantalizingly near to the defect may be the 
shaft and not the tip.

Once the PFO/ASD is crossed, the tip of the wire will often lie in 
the left atrial appendage (LAA) (Figure 56.2, C) The wire is seen to 
be at the left upper heart border, and usually curls back to the LA. 
This is not a good wire position as the thin LAA can be perforated 
with a wire or the device delivery system. It is best to have wire posi
tion in a left pulmonary vein. This is accomplished by advancing 
the MP catheter over the wire to the middle of the spine, withdraw
ing the wire, turning clockwise (posterior), and probing for the pul
monary vein. The wire will pass beyond the heart border when it is 
in a left pulmonary vein.

Some advocate a trans‐septal puncture to close PFOs with a long 
tunnel. In order perform a trans‐septal puncture, septum primum 
needs to be entered quite a bit more inferior than normal or the 
trans‐septal needle will just ride up the septum and cross the PFO. 
A device placed lower in the septum may not then adequately close 
the PFO. In our experience, we have only rarely needed to consider 
a trans‐septal puncture to adequately close a PFO. For long tunnels, 
the Amplatzer Cribiform Occluder is better at closing the defect 
than the Gore occluders.

ASD sizing
The ASD is first sized by TEE or ICE in the static dimension in 
orthogonal planes and the rims are assessed. The retroaortic rim is 
usually this most important and is most often deficient (i.e., less 

than 5 mm). If the rim is deficient for only a small distance, then 
device implantation is probably safe. A large distance of “bare” 
aorta, however, with no rim should alert the implanter to use cau
tion in device selection and consider avoiding the Amplatzer 
Septal Occluder because of the risk of device erosion. Balloon‐siz
ing the defect is important in device selection in all but the small
est of ASDs. A 24 or 34 mm compliant sizing balloon (St. Jude 
Medical) is used for this purpose. The initial guidewire used to 
cross the ASD is exchanged for an Amplatz Super Stiff Guidewire 
(Boston Scientific) with a short (2 cm) floppy tip with the tip 
placed in a left pulmonary vein. The balloon is inflated under 
fluoroscopy using dilute contrast (20% contrast, 80% saline) 
across the ASD until there is no longer flow seen crossing the 
defect under echocardiography (the so called “stop‐flow” diame
ter). At this point, a small indentation or “waist” is seen fluoro
scopically on the balloon (Figure 56.3d) A short cine run is taken 
and a note made of the exact amount of volume remaining in the 
syringe used to inflate the balloon. The balloon is then deflated 
and removed. The balloon is then reinflated outside the body to 
the same volume stopping at the same point where stop‐flow point 
was encountered. A sizing plate (St. Jude Medical) can then be 
used to compare the indentation on the balloon seen fluoroscopi
cally with a similar indentation formed when the balloon is placed 
through varying sizes on a sizing plate. When the same amount of 
indentation is found, this is the “stop‐flow” diameter. This size can 
also be calculated from the cine image using the marker bands for 
sizing and it can also be performed by echocardiography; how
ever, we find these two methods to be less reliable than the sizing 
plate method.

ASD device selection
If the stop‐flow diameter is up to 17 mm, both the Gore 
Cardioform or Amplatzer Septal Defect Occluder can be consid
ered. Larger defects are only suitable for the Amplatzer Septal 
Occluder. Practically speaking, even the largest Cardioform is 
much less likely to deploy satisfactorily if the stop‐flow is larger 
than 15 mm.

If there is minimal retroaortic rim, the Cardioform may  
be advantageous in reducing the risk of device erosion 
(Figure 56.3a). However, from a practical standpoint, device ero
sion has been reported mainly for Amplatzer occluder sizes 
>18 mm and so the risk reduction for the Gore occluder may be 
overstated.

For Amplatzer sizing, a device at, or 1–2 mm larger than the stop‐
flow diameter is chosen, keeping in mind that the central waist is 
the labeled diameter for the Amplatzer occluders. For the Gore 
Cardioform Occluder, a device at least 1.7× and preferably 2× the 
the stop‐flow diameter is chosen. In our experience, almost all 
adults with an ASD suitable for the Cardioform occluder receive the 
30 mm occluder.

PFO device selection
Although some advocate balloon‐sizing for PFO closure, in our 
experience this has not proved helpful or necessary. The vast major
ity of PFOs are closed with a 25 mm Amplatzer Cribiform Occluder, 
or a 20 or 25 mm Helex or Cardioform Occluder. For a very aneu
rysmal septum, we find a 30 mm Amplatzer Cribiform Occluder is 
better at stabilizing more of the septum.
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Device delivery
Amplatzer Cribiform and Amplatzer Septal Occluder
The Amplatzer devices use a long sheath as part of the delivery sys
tem. For all sizes of the Cribiform, an 8 Fr delivery system is accept
able. For the Septal occluder, delivery systems ranging 7–12 Fr are 
used depending on the size of the device. The device is screwed on 
to the delivery cable that has been put through the loader. Care is 
taken not to screw the device on too tight on the cable otherwise 
release can prove challenging. The device is then withdrawn into the 
loader submerged in a bowl of saline. The device is advanced just to 
the tip of the loader. Any residual air is flushed from the loader by 
squeezing about 20 mL saline through the side port of the loader 
while tapping the loader to disengage any bubbles.

The short sheath is then removed and the delivery sheath passed 
over the wire. The long sheath positioned in the left atrium over the 
wire with the dilator approaching but not entering the left pulmonary 
vein. The sheath is then advanced off the dilator to the tip. The wire 
and dilator are then removed. The next step is critical. Especially in a 
spontaneously breathing patient (i.e., when using ICE instead of TEE), 
the left atrial pressure in young patients without left‐sided disease 
often phasically dips below 0 mmHg—especially if the patient is snor
ing. If care is not taken, a large air embolism can be entrained through 
the long sheath into the left atrium with potentially catastrophic 
results. A minor air embolism is usually noted by ST elevation in the 
inferior leads because of embolization to the right coronary artery. 
If  that occurs, administration of 100% oxygen and elevation of the 

s ystemic arterial pressure with vasoconstrictors usually resolves the 
issue within a few minutes. To avoid this problem, the tip of the sheath 
should be covered with a finger immediately once the dilator is 
removed and a syringe attached quickly to the hub. To remove any air 
in the sheath, 10–20 mL of freely aspirated blood should be withdrawn. 
The loader is then connected to the hub while continually flushing 
saline through the loader to ensure a “bubble‐free” connection.

The device is advanced to the tip of the delivery sheath by  advancing 
the delivery cable. The delivery sheath is pulled back to the middle of 
the left atrium and the left atrial disk is then delivered by pushing the 
device out of the sheath. The entire apparatus is then withdrawn until 
the left atrial disk is opposed to the septum. This is felt by gentle 
resistance on the delivery cable and also by visualizing the left atrial 
disk against the septum on the echocardiogram. The delivery cable is 
then held fixed against the table and the sheath is withdrawn uncov
ering the central waist and right atrial disk in the case of a Septal 
occluder or just the right atrial disk in the case of a Cribiform occluder. 
The delivery cable is then advanced to form the right atrial disk 
against the septum. A gentle push–pull of the delivery cable ensures 
that the device is correctly opposed to the septum. If the device is not 
in a good position, the device can be recaptured into the delivery 
sheath and delivery reattempted. If the device is recaptured in the 
right atrium, the delivery sheath is sufficiently curved to allow cross
ing of the atrial septum with the device at the tip of the delivery 
sheath; however, this should be performed very cautiously as inad
vertent cardiac perforation could occur if not at the atrial septum.

(a) (b) (c)

(d) (e) (f)

Figure 56.3 ASD closure with a Gore® Cardioform. (a) TEE short axis view of the ASD showing 12 mm defect in that plane with minimal 
retroaortic rim (arrow). (b) TEE long axis view of the septum showing also 12 mm defect in the orthogonal plane. Note the relatively short distance 
as well to the superior vena cava (SVC). (c) 3D TEE from the left atrial view showing the ASD. Although the 3D image confirms that the ASD is 
circular, the relationship to the other cardiac structures is not well seen in 3D. (d) Balloon‐sizing of th ASD showing a 15 mm “stop‐flow” diameter. 
(e) Following device release the 30 mm Gore Cardioform Occluder is viewed in a steep LAO view. Note the separation of the disks when the LA and 
RA disks are on their respective sides (yellow line). (f) TEE post‐device release shows good device position and no residual color flow across the ASD.
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The device position is re‐evaluated by echocardiography and if 
both disks are on the correct side of the septum and there is not 
deformation of the aorta by the device, the device can be released. 
This is accomplished by counterclockwise unscrewing of the deliv
ery cable using the torque tool on the back of the delivery cable. 
Once the device releases from the delivery cable, it will reorient on 
the septum as the torque from the delivery cable is removed.

Larger ASDs can be difficult to close because the leading edge of 
the left atrial disk tends to cross over to the right of the aortic rim as 
the device is withdrawn against the septum. In that instance, one 
can try to deploy the central waist and right atrial disk more left
ward but that often results in the entire device deploying on the left 
atrial side. Multiple attempts at deployment and recapturing the 
device are sometimes required. There have been many techniques 
described to overcome this difficulty; however, the most reliable in 
our experience has been the right upper pulmonary vein technique. 
After the left atrial disk is deployed, the delivery system is rotated 
clockwise until the left atrial disk orients in a horizontal plane. At 
that moment, the left atrial disk is in the mouth of the right upper 
pulmonary vein. The device is withdrawn until resistance is felt on 
the septum and the central waist and right atrial disk are deployed. 
The device will usually “snap” into position across the atrial septum 
with this maneuver.

Cardioform
The Cardioform device is first prepared outside the body by sub
merging the occluder in saline, flushing the delivery system, and 
then withdrawing the device inside the catheter. The delivery cath
eter for all sizes is 9 Fr but a 12 Fr sheath is necessary to pass the 
delivery system with the use of a guidewire. We find this most 
advantageous and the small increase in sheath size is not problem
atic. The delivery system is then advanced to the middle of the left 
atrium over the guidewire and the wire is then withdrawn. The left 
atrial disk is then formed with a simple forward motion of the slider 
until the left atrial disk is completely formed. The delivery catheter 
is then withdrawn against the septum and the right atrial disk is 
formed by completing the forward motion of the slider. A gentle 
push–pull of the delivery catheter can be performed to ensure stable 
position against the atrial septum. The device is evaluated by ultra
sound and good position with each disk on the correct side of the 
atrial septum is ensured. If the device is not in satisfactory position, 
the device can be recaptured by simply retracting the slider and the 
process can be repeated.

When the device is in good position, the lock loop is set by pinch
ing and sliding the release mechanism. The device usually reorients 
a fair bit on the atrial septum when the tension of the delivery sys
tem is removed. The frontal camera should be moved to a steep LAO 
to see both left and right atrial disks perpendicular to each other. 
When the device is in a good position, a straight line can be drawn 
between the disks that does not cross any of the “petals” of the frame 
(Figure 56.3, E). If this cannot be done, one needs to suspect that the 
device is not in a good position across the septum and consideration 
should be given to removing the device and reattempting placement 
with a new occluder.

When the lock loop is set and device position is satisfactory, the 
retrieval cord is removed by lifting up the red retrieval cord handle 
and applying gentle smooth traction on the cord. This needs to be 
done gently as too much force risks dislodging the device. Once the 
retrieval cord is removed, the delivery system can be removed from 
the body. A final examination of the device is performed with echo
cardiography (Figure 56.3f).

Once the lock loop is set, device placement is committed. However, 
the device can still be removed if needed at this point using the 
retrieval cord. To do this, the outer sheath as part of the delivery 
system is unscrewed, and the device is withdrawn into the sheath. 
Care needs to be taken with the maneuver as the device is being held 
by only the retrieval cord. Overly aggressive pulling can break this 
safety cable making device removal more complex, necessitating a 
snare and a larger sheath and risking embolization.

Completing the procedure
The device is reassessed using echocardiographic imaging and a 
final bubble study performed if the indication was PFO closure. The 
delivery sheath and ICE probe are removed and the sheaths are 
removed. Hemostasis is obtained with manual pressure. We do not 
reverse heparin as it can lead to thrombosis on the device. As the 
access is venous only, hemostasis usually takes just a few minutes. 
The tracking forms for device implantation need to be completed 
and returned to the manufacturer as required by the FDA.

Adverse events
Serious adverse events are reported in 0.3–0.5% of all implants 
[20,21]. Of these, perforation/tamponade and embolization pre
dominate. Device embolization generally occurs during the proce
dure or within the first 12 hours post‐procedure. If the device 
embolizes to the aorta or pulmonary artery, transcatheter retrieval 
is feasible. To retrieve an embolized device, the screw (Amplatzer) 
or end (Helex or Cardioform) needs to be firmly grasped using a 
snare, and the device withdrawn into a sheath at least 2 Fr sizes 
larger than the size used to place the device. The device should be 
fully withdrawn into a long sheath prior to pulling the device 
through the heart. If the device is lodged in the right or left ventricle, 
it is inadvisable to attempt catheter removal as this risks tearing the 
chordae of the tricuspid or mitral valve. This is then best left to the 
surgeon to remove and close the defect at the same time.

Other rare risks of device closure include endocarditis, stroke, 
thrombus on the device, air embolism, and device erosion. The risk 
of erosion has been reported only with the Amplatzer occluder and 
occurs in 1–3/1000 implants [22]. Device oversizing has been 
implicated as risk factor as has implantation with retroaortic rim 
<2 mm. The risk of “insufficient rim,” however, has not been clearly 
established and at least 40% of secundum ASDs have some measure 
of deficient rim. This has therefore been labeled a “warning” and 
not a contraindication for device placement. We feel that careful 
assessment of the aorta is indicated after device placement and if 
the device appears to impinge on the aorta, we consider device 
removal and either reattempting with a smaller device or abandon
ing the procedure. Device erosion usually occurs within the first 
few months after closure but late reports of erosion beyond a year 
have been known to occur. If a patient complains of chest pain fol
lowing ASD closure, they should be evaluated by echocardiography. 
If a new pericardial effusion is present, consideration should be 
given to an erosion event and cardiac surgical consultation obtained 
promptly.

Arrhythmias—mainly atrial fibrillation—occurs in about 0.5% of 
patients [2]. Older age is a risk factor. Patients with longstanding 
shunt from ASD are at risk for atrial fibrillation. Once established, 
atrial fibrillation will not be improved by ASD closure. In some 
patients, we have referred for ablation or left atrial appendage 
occlusion prior to ASD closure.
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Headaches are seen in some patients following closure with the 
Amplatzer Septal Occluder. This seems to occur more frequently in 
patients with a history of migraine. It is felt to be caused by platelet 
activation and changing the antiplatelet regimen to clopidogrel from 
aspirin seems to resolve the symptoms promptly in most patients [23].

There are rare reports of patients experiencing persistent symp
toms of chest pain, palpitations, and shortness of breath following 
Amplatzer Septal Occluder implantation that are thought to be a 
result of nickel allergy [24]. In some patients, symptoms improve 
following surgical explant. This phenomenon is very rare, however, 
compared with the prevalence of nickel sensitivity in the general 
population (~8%) and we do not routinely test for nickel sensitivity 
prior to implantation.

Aftercare
Patients undergoing PFO or small ASD closure are usually dis
charged the same day, whereas we keep patients with larger ASDs 
overnight to assess for embolization with a transthoracic echocardi
ogram the following morning. Outpatient follow‐up visits with a 
transthoracic echocardiogram are recommended at 1 week, 1 month, 
6 months, and then yearly thereafter. Because the risk of erosion is 
low and no known methods are able to predict this in follow‐up, we 
feel that unless there are ongoing concerns, follow‐up can be gener
ally discontinued after a year and patients instructed that if they 
experience cardiac symptoms they should be re‐evaluated.

Antiplatelet therapy for ASD and PFO closure (aspirin 81 mg or 
clopridogrel 75 mg) is continued for 6 months until the device is 
fully endothelialized. At this point, antiplatelet therapy is stopped 
for ASD patients. However, for PFO patients, we feel that continu
ing ASA 81 mg/day is a reasonable recommendation based on a 
“belt and suspenders” approach—that is, some of the strokes that 
occur in patients undergoing PFO closure are related to other fac
tors and aspirin is helpful to decrease the risk of recurrent events in 
those patients.

Endocarditis prophylaxis is recommended for dental visits for 
6 months following device placement and can then be  discontinued. 
For practical purposes, we recommend that patients avoid routine 
dental work for 6 months.

The devices are all MRI compatible.

Future directions
The FDA are to decide in the near future if the RESPECT data war
rants a device‐specific approval for PFO closure in cryptogenic 
stroke. The Gore REDUCE trial will complete enrollment as another 
randomized trial comparing device with medical closure in the 
management of cryptogenic stroke and TIA. New devices continue 
to be developed to improve on closing larger ASDs while minimiz
ing the risk of complications. Gore currently has a next generation 
Cardioform in development with self‐centering properties to allow 
larger defects to be closed. Without a PFO market, companies are 
wary of investing significant resources in new ASD closure designs 
as the risks are high and the rewards are limited given the smaller 
population of patients with ASD than with other diseases.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Transcatheter paravalvular leak closure
Upon long‐term follow‐up after prosthetic valve replacement, up to 
17% of prosthetic mitral valves and 10% of prosthetic aortic valves 
develop peri‐prosthetic regurgitation [1–3]. Furthermore, the 
incidence of moderate or severe peri‐prosthetic regurgitation after 
transcatheter aortic valve replacement has been reported to range 
from 15% to 20% [4]. While most such patients remain asympto
matic, at least in the short term, 1–3% eventually develop symptoms 
necessitating intervention [5,6]. Because the underlying anatomic 
substrate that predisposes to development of peri‐prosthetic 
regurgitation remains, and because re‐operation carries significant 
morbidity and mortality, transcatheter closure of peri‐prosthetic 
regurgitation becomes an attractive treatment option. This chapter 
discusses the fundamental principles of paravalvular regurgitation 
evaluation and percutaneous closure.

Pathophysiology
The most common etiologies implicated in the development of 
paravalvular regurgitation include:
1 Underlying tissue friability resulting from senescence, prior 

endocarditis, or a systemic inflammatory condition with or with
out corticosteroid use;

2 Extensive annular calcification, especially asymmetric calcifica
tion; and

3 Previous valvular surgery (multiple valvular re‐do procedures) [7,8].
Technical aspects of the surgical procedure, such as suture technique 
and shape of the implant used, are also known to be associated with 
development of paravalvular regurgitation. While early development 
of paravalvular regurgitation is usually related to the relative shape 
of the implant compared with the annulus and underlying annular 
calcification, later development of paravalvular regurgitation is 
usually related to tissue friability and suture dehiscence.

Clinical features
Mild paravalvular regurgitation can often be asymptomatic; how
ever, more severe degrees of paravalvular regurgitation can present 
with signs and symptoms of congestive heart failure. In some cases, 
even modest volume paravalvular regurgitation can lead to pro
found symptoms of heart failure becuase of regurgitation into a 
non‐compliant chamber, either left atrium (LA) or left ventricle 
(LV). Patients also develop hemolysis from shear stress on red 

blood cells (RBCs), and present with fatigue, conjunctival and pal
mar crease pallor, jaundice, hematuria, and petechiae. Patients with 
aortic paravalvular regurgitation can present with a diastolic decre
scendo murmur over the left sternal border, and patients with 
mitral paravalvular regurgitation often present with a pansystolic 
murmur over the mitral area with radiation incumbent on the 
direction of the major jet. Other classic signs of congestive heart 
failure can also occur, including elevated jugular venous pressure 
(JVP), dependent edema, orthopnea, paroxysmal nocturnal dysp
nea, and cardiac cachexia.

Diagnostic evaluation
Laboratory findings
Basic laboratory testing should be performed to assess presence, 
severity, and mechanism of anemia including markers of hemolysis. 
These should include hemoglobin, hematocrit, reticulocyte count, 
mean corpuscular volume, reticulocyte count, haptoglobin, lactate 
dehydrogenase, iron, folic acid, total and direct bilirubin, and 
peripheral smear examination for the presence of schistocytes. The 
following findings typically suggest hemolysis: undetectable hapto
globin level, lactate dehydrogenase >500 units, >1% schistocytes on 
peripheral smear, and >5% reticulocytes.

Imaging
Transthoracic echocardiography (TTE) is usually the first line 
imaging modality to detect paravalvular regurgitation. While ante
rior aortic paravalvular regurgitation is easily detected using this 
modality, detection of posterior leaks is often hampered because of 
acoustic shadowing from prosthetic valves. Furthermore, the phe
nomenon of “garden‐hosing,” which is caused when a strong color 
flow Doppler signal emanates from a small defect and fans out to 
occupy a relatively small left ventricular outflow tract, makes accu
rate assessment of the severity of the paravalvular regurgitation by 
color flow difficult. Real‐time three‐dimensional transesophageal 
echocardiography (TEE) overcomes some of these challenges and 
allows accurate detection of the location and severity of paravalvu
lar regurgitation. This modality is particularly useful for mitral 
paravalvular regurgitation. Intracardiac imaging, although not 
commonly used, can assist with procedural imaging, especially pos
teriorly located aortic paravalvular regurgitation which can be 
imaged using an intracardiac imaging catheter positioned in the 
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right ventricular outflow tract. Aortography can allow accurate 
assessment of the severity of aortic paravalvular regurgitation in the 
absence of intravalvular regurgitation. EKG‐gated cardiac com
puted tomography with volume‐rendering reconstruction provides 
invaluable information for peri‐procedural planning including 
accurate detection of paravalvular defect location, shape, and size. It 
also allows identification of orthogonal angles of AP and lateral 
imaging intensifiers that would facilitate crossing the paravalvular 
defect.

Localization
Aortic paravalvular regurgitation is typically localized using the 
transthoracic aortic short axis view and identifying the regurgita
tion in relation to one of six sectors each equaling 60°, based on 
position on the valve leaflets. This is then correlated with a corre
sponding position on the left anterior oblique (LAO) caudal view. 
The echocardiographic view of the valve is known to be rotated 
clockwise by 120° compared with the fluoroscopic LAO caudal 
view.

In our practice, mitral paravalvular regurgitation localization is 
performed using a triangulation system utilizing the following 
landmarks: the anteriorly located aortic valve, the anterolaterally 
located left atrial appendage, and the medially located atrial sep
tum. Others recommend using a clock face system to localize the 
paravalvular regurgitation.

These nomenclature systems allow accurate and effective com
munication between the echocardiographer and structuralist, 
which is essential to the success of transcatheter paravalvular leak 
occlusion.

Transcatheter paravalvular regurgitation occlusion
Indications
The recent American College of Cardiology/American Heart 
Association guidelines for the management of valvular heart dis
ease give percutaneous repair of paravalvular prosthetic valve 
regurgitation a Class IIa indication for patients with intractable 
hemolysis or New York Heart Association (NYHA) class III or IV 
heart failure who are at high risk for surgery and have anatomic 
features suitable for catheter‐based therapy, when performed in 
centers with expertise in this procedure [9]. The common indica
tions for transcatheter paravalvular regurgitation occlusion include:
1 Clinically and/or hemodynamically significant paravalvular 

regurgitation as evidenced by symptoms and signs of congestive 
heart failure or hemolytic anemia;

2 Stable prosthetic valve function; and
3 Defect size involving less than one‐quarter valve circumference.

Contraindications include active infection or endocarditis, and 
unstable prosthesis and regurgitation involving more than one‐
third of the circumference of the prosthetic annulus.

Devices
Currently, there are no FDA‐approved devices for paravalvular leak 
occlusion. Amplatzer™ Vascular Plug (AVP; AVP II, or IV), Amplatzer™ 
Duct Occluder, Amplatzer™ Septal Occluder, and Amplatzer™ 
Muscular VSD Occluder (all manufactured by St. Jude Medical, St. 
Paul, MN, USA) have been used to occlude paravalvular leaks. We 
recommend using the AVP II or AVP IV because these devices have 
a finer and softer nitinol mesh that lowers incidence of hemolysis 
compared with the other devices. The AVP III has an oblong cross‐
sectional shape that is particularly suited for paravalvular leak 
occlusion; this device is available in Europe but not in the USA. 

With any device, extreme care must be taken to avoid interference 
with prosthetic valve leaflet motion or interaction with surround
ing structures prior to device deployment.

Techniques
Aortic transcatheter paravalvular regurgitation occlusion
We recommend approaching aortic paravalvular defects using a 
retrograde aortic approach. For most anteriorly located defects, 
TTE is sufficient to guide the procedure. This also allows the use of 
moderate sedation, as opposed to general anesthesia, which is 
required for prolonged TEE procedural guidance. Posteriorly 
located defects often require TEE guidance, or intracardiac imaging 
(ICE) from the right ventricular outflow tract. The fluoroscopy 
gantries are oriented to visualize the sewing ring on its side on the 
right anterior oblique (RAO) view and en face on the LAO caudal 
view. We utilize a “5‐in‐6” telescoping, coaxial catheter system 
(125 cm 5 Fr multipurpose diagnostic coronary catheter inside a 6 
Fr 100 cm multipurpose guiding catheter) and a 0.035‐inch stiff 
angled glide wire to cannulate the defect. Alternatively, in larger 
aortic roots, an AL1 catheter can be used to provide directionality 
to the glidewire. Once the defect is cannulated the 5 Fr multipur
pose catheter is used to cross the defect followed by the 6 Fr multi
purpose guide. An exchange length 0.032‐inch Amplatz Extra‐stiff 
guidewire (Cook Medical, Bloomington, IN, USA) with a pre
formed LV curve is then positioned in the LV (the anchor wire tech
nique; Figure 57.1a). Alternatively, the stiff angled glide wire can be 
extruded out through the native/bioprosthetic aortic valve and 
snared in the ascending aorta to be exteriorized via the contralateral 
femoral artery forming a stable arterio‐arterial rail (modified 
anchor wire technique). Care must be taken to closely monitor 
hemodynamics while using this technique, because hemodynami
cally significant aortic regurgitation can develop secondary to the 
rail. For smaller defects necessitating deployment of a single closure 
device this may not be required; however, for planned deployment 
of multiple devices either an anchor wire or formation of a rail 
becomes necessary. Once the anchor wire or arterio‐arterial rail is 
in place the guiding catheter can be replaced with a 90 cm Cook 
Flexor Shuttle sheath to facilitate device delivery. Knowledge of the 
compatibility of combinations of catheters, wires, and closure 
devices is crucial to ensure success.

Mitral transcatheter paravalvular regurgitation occlusion
An antegrade tranvenous trans‐septal approach is commonly used 
for mitral paravalvular defects; however, retrograde aortic and LV 
apical approaches are necessary when cannulation of the defect is 
unsuccessful using the former approach. This might occur in the 
case of medial defects, which can be challenging to cannulate 
because of proximity to the interatrial septum. TEE guidance and 
general anesthesia are essential. Gantry setup is similar to that 
described for aortic paravalvular leaks. TEE and fluoroscopic guid
ance is used for trans‐septal puncture. For medial defects a poste
rior location of interatrial puncture with the superior–inferior 
plane at the level of the defect is recommended as this provides the 
ability to maneuver catheters toward the defect along the mitral 
annular plane. After obtaining access to the LA, the interatrial sep
tum is dilated using an Inoue dilator and an 8.5 or 11 Fr Agilis NxT 
Steerable guiding catheter (St. Jude Medical, St. Paul, MN, USA) is 
introduced over an Inoue wire into the LA. Meticulous care is 
required to maintain an activated clotting time >300 s to avoid 
development of thrombosis. A 5‐in‐6 telescoping catheter system 
and exchange length 0.032‐inch stiff angled glide wire are used 
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through the Agilis catheter to cannulate the defect. The 5 and 6 Fr 
multipurpose catheters are then sequentially advanced into the LV. 
Depending on the size of the defect one or more devices are 
required, and can be deployed as described in the subsequent 
sections.

Sequential deployment technique using the Anchor wire
An 0.032‐inch exchange length extrastiff Amplatz guidewire with 
an LV curve is carefully positioned in the LV and the multipurpose 
guide is replaced by a appropriately sized Cook Flexor Shuttle 
Sheath in the LV. Once the first closure device has been successfully 
deployed, the Shuttle sheath is removed over the guidewire and 
then reloaded on to the guidewire, leaving the device cable outside 
of the sheath to facilitate delivery of additional devices using the 
same sequence. This allows sequential deployment of multiple 
devices without losing access to the LV.

Sequential deployment technique using an arteriovenous 
rail or transapical rail (modified Anchor wire)
When additional support is required, the hydrophilic guidewire can 
be snared in the ascending aorta and exteriorized (Figure 57.1b). 
An appropriately sized Flexor Shuttle sheath is used as described 
earlier. With the arteriovenous guidewire rail in position, the first 
closure device can be placed through the shuttle sheath alongside 
the existing exteriorized guidewire rail. The Shuttle sheath is then 
removed and reloaded over the arteriovenous rail, leaving the 
device delivery cable outside the sheath. Multiple devices can be 
placed using this sequence while maintaining complete control on 
wire tension, and allowing device delivery at the end of the 

procedure. An attractive aspect of this technique is the ability to 
reverse course and remove all devices at the very end of the 
procedure.

Simultaneous deployment technique (double wire 
technique)
In this technique two or more 0.032‐inch Amplatz ExtraStiff Guide 
Wires are used to make LV loops through the 6 Fr guiding catheter. 
A large 20 Fr venous sheath is often used. The guiding catheter is 
removed over the guidewires and two separate 5‐in‐6 catheter sys
tems are loaded on the guidewires and advanced into the ventricle. 
The 5 Fr diagnostic catheters are then removed and the 6 Fr guides 
are used to deploy devices simultaneously.

Complications
Procedural complications include bleeding (5.2%), prosthetic 
leaflet impingement (4%), device embolization (<1%), and need 
for emergency surgery (0.9%). Thirty‐day complication rates 
have been described by our group at 8.7% (sudden and unex
plained death 1.7%; stroke 2.6%; emergency surgery 0.9%; bleed
ing 5.2%) [10].

Follow‐up
We recommend close follow‐up of the patient to monitor resolution 
of hemolysis and/or heart failure symptoms. No additional anti
platelet or anticoagulation therapy is necessary from the standpoint 
of the occluder device(s) placed. Serial screening imaging with TTE 
is recommended during follow‐up visits to assess residual paraval
vular regurgitation.

(a) (b)

Figure 57.1 (a) Transcatheter aortic paravalvular leak closure. Top left: LV anchor wire (arrow) through an aortic paravalvular defect. Top right, 
bottom left: right anterior oblique and left anterior oblique views of nested Amplatzer vascular plugs with anchor wire in place. Bottom right: 
Amplatzer vascular plugs ready for deployment, yet still attached to their delivery cables. (b) Transcatheter mitral paravalvular leak closure. Top 
left: Agilis catheter with telescoping catheters, and a still angled Glide wire cannulated through a mitral paravalvular defect. Top right: arrow 
demonstrates the modified anchor wire technique (arteriovenous loop). Bottom left: an Amplatzer vascular plug being deployed with arterio-
venous loop in place. Bottom right: deployed Amplatzer vascular plug.



CHAPTER 57 Paravalvular Leak Closure and Ventricular Septal Defect Closure 543

Conclusions
In high surgical risk patients with hemolysis or heart failure 
symptoms secondary to paravalvular regurgitation, transcatheter 
paravalvular leak occlusion has emerged as a promising and 
effective therapy when performed in centers with experienced 
operators.

Transcatheter VSD closure
Ventricular septal defects (VSD) can be divided into congenital 
(comprising up to 20% of congenital heart defects) and acquired 
etiologies resulting from either myocardial infarct or post‐surgical 
changes. VSDs are classified as muscular, peri‐membranous, or 
supracristal according to their location within the interventricular 
septum. Among congenital causes, peri‐membranous VSD are the 
most common (70%) whereas pure muscular VSDs account for 
15% and supracristal 5% of congenital VSDs. Catheter VSD closure 
in indicated for heart failure symptoms, left heart chamber enlarge
ment/volume overload, and previous endocarditis [11]. In the set
ting of left heart chamber enlargement, VSD closure can prevent 
the development of pulmonary hypertension, ventricular dysfunc
tion, aortic regurgitation, and arrhythmias. While surgical closure 
is considered the gold standard treatment, it may be associated with 
morbidity and mortality, prompting development of less invasive 
percutaneous transcatheter techniques. Since the first percutaneous 
VSD closure was performed in 1988 [12], improvements in tech
nique including smaller sheath size and availability of newer dedi
cated Amplatzer (St. Jude Medical, St. Paul, MN, USA) devices, 
transcatheter VSD closure has become an increasingly safe and 
effective procedure.

Patient selection
Transcatheter VSD closure is an especially attractive option in 
patients with increased surgical risk, multiple previous surgical 
interventions, “Swiss cheese” type VSDs where multiple defects are 
present, and poorly accessible muscular VSDs. Anatomic character
istics that favor transcatheter VSD closure over surgical closure 
include defect location that is remote from the tricuspid valve and 
aorta, in order to minimize device interference with these 
structures [11].

Important exclusion criteria to transcatheter VSD closure 
include:
1 Presence of other cardiac lesion requiring surgical repair;
2 Irreversible pulmonary vascular disease (pulmonary vascular 

resistance index >6–8 WU/m2);
3 Contraindication to antiplatelet therapy;
4 Uncontrolled infection; and
5 Anatomic features that make transcatheter closure unfavorable 

(concomitant subaortic rim <2 mm from peri‐membranous 
VSD, close proximity to tricuspid valve).

Procedural techniques
Several devices are available for transcatheter VSD closure includ
ing the muscular Amplatzer VSD occluder, membranous Amplatzer 
VSD occluder (not available in the USA), ASD Amplatzer occluder. 
Amplatzer ASD and VSD occluder devices are made of self‐expand
ing nitinol, consisting of two umbrellas and middle “waist.” 
Polyester fabric inserts aid in closing the defect by providing a foun
dation for tissue growth over the device after deployment. 
Maximum umbrella size for the 18 mm muscular VSD occluder is 
26 mm, 54 mm for the 28 mm ASD occluder, and 32 mm for the 

24 mm Amplatzer muscular post‐infarct VSD occluder. Devices are 
secured to a delivery cable and inserted into a delivery sheath rang
ing 6–10 Fr in size. Device sizes are selected based on two‐dimen
sional echocardiographic measurements; generally the waist of the 
device should be 1–2 mm larger than the defect size (Table 57.1). 
Longer waist lengths are required as interventricular septum thick
ness increases, for instance in adults. Additionally, post‐myocardial 
infarction VSD closure requires longer device waists because of the 
unique nature of these defects.

Pre‐procedural antibiotic prophylaxis (typically, intravenous 
cefazolin) is administered as well as aspirin (325 mg) and intrave
nous heparin (100 U/kg). In many patients, the procedure can be 
performed using conscious sedation. Patients who are better suited 
for general anesthesia are those in which TEE use is planned, inter
nal jugular vein access is used for device delivery, or in the setting of 
post‐myocardial infarction VSD.

VSD closure
Femoral arterial access is performed with insertion of a 6 Fr 
sheath and either femoral venous or internal jugular (IJ) venous 
access obtained with a 7 Fr sheath depending on the planned 
approach for closure. Femoral access is usually preferred for 
defects in the more superior portion of the septum (i.e., membra
nous) whereas IJ more commonly used for other locations. If ICE 
is planned, an additional 10 Fr sheath is placed in the femoral 
vein. The VSD is then crossed retrogradely from the LV using 
fluoroscopic and echocardiographic guidance (TTE, TEE, or ICE) 
with either a diagnostic right Judkins or a multipurpose catheter 
and an exchange‐length stiff angled glidewire. After the defect is 
crossed, the wire is typically advanced into the pulmonary artery 
(PA). A balloon‐tipped end‐hole catheter is then used to cross the 
tricuspid valve from the right side with the balloon inflated, in 
order to avoid entrapment of the chordal apparatus during later 
placement of the device. This catheter is advanced into the PA and 
an exchange length guidewire is positioned through the end‐hole 
catheter over which the guide for the snare is positioned. The 
glide wire is then snared and exteriorized through the venous 
access site, establishing an arteriovenous rail. If desired, a sizing 
balloon can be used to help in the assessment of the VSD size by 
stop‐flow method and to delineate the VSD boundaries more 
accurately; however, echocardiographic guidance is sufficient in 
most cases (Figure 57.2).

The appropriate sized delivery sheath is then advanced through 
the venous access site, over the wire rail, into the LV (if one elects to 
leave the wire rail in place during device delivery a larger sheath will 
be needed). The wire and dilator are then removed and the loaded 
device is advanced through the sheath, across the defect, and into 
the LV. The device is then extruded from the sheath into the LV 
until the left‐sided umbrella is expanded, being careful not to 
deploy the device into the mitral apparatus. The delivery catheter is 
then drawn back into the right ventricle until the left‐sided umbrella 
is against the septum, as guided by fluoroscopic and echocardio
graphic imaging. Finally, the right‐sided umbrella is released by 
withdrawing the sheath, thus covering the defect. The device is then 
tested for stability by gentle pulling and pushing under fluoroscopic 
and echocardiographic guidance. Doppler color‐flow is used to 
determine the presence and degree of residual shunting as well as 
potential interference with surrounding structures such as the tri
cuspid and aortic valves. Once device position is determined to be 
stable and there is a significant reduction in shunt (≤ mild residual 
shunt), the device is released.
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Efficacy and complications
Procedural success rates for transcatheter closure are approximately 
90–95% for congenital and post‐surgical peri‐membranous and mus
cular defects. Complete VSD closure is achieved in 40–50% of patients 
immediately post‐procedure and 80–90% at 1 year [13]. Residual 
shunting is usually trivial or mild in degree, with <1% of patients hav
ing severe residual shunt requiring surgery [13]. Complications have 
been reported in up to 10% of patients, including 3–4% risk of rhythm 
and conduction disturbances, <1% risk of device embolism, <1% risk 
of major vascular complications, <1% of infection, development of 
new aortic or tricuspid regurgitation (3–6% of patients, usual of triv
ial or mild degree), hypotension, and blood loss [13,14].

In contrast, closure of post‐infarct VSD has a much lower success 
rate, in part because of the tendency of the defect to grow over time 
because of ongoing necrosis and the critically ill state of such patients. 
Closure performed in the acute setting is associated with a signifi
cantly less successful longer term result. While initial procedural suc
cess can be as high as 86% [15], the procedural complication rate is 
41% including major residual shunting, left ventricular rupture, and 
device embolization. When cardiogenic shock is present at baseline, 
despite an 80% procedural success rate, long‐term mortality is 93%, 
reflecting the extreme critical illness present in this population.

Conclusions
Transcatheter VSD closure has emerged as an effective and safe 
treatment in selected patients with appropriate indications. Advances 
in catheter‐based techniques, imaging, and device technology con
tinue to expand the use of percutaneous transcatheter VSD closure.

Table 57.1 Transcatheter ventricular septal defect (VSD) closure devices.

Device
Device size/waist diameter 
(mm)

Disc diameter 
(mm)

Waist length 
(mm)

Min. sheath size 
(Fr)

Amplatzer Muscular VSD Occluder  4
 6
 8
10
12
14
16
18

 9
14
16
18
20
22
24
26

7
7
7
7
7
7
7
7

 6
 6
 6
 6
 7
 8
 8
 9

Amplatzer
ASD Occluder

 4–10
11–17
18–24
26–30
32–38

RA 12–18; LA 16–22
RA 21–27; LA 25–31
RA 28–34; LA 32–38
RA 36–40; LA 40–44
RA 42–48; LA 46–54

3
4
4
4
4

 6
 7
 9
10
12

Amplatzer Membranous VSD Occluder*  4–12
13–14
15–18

RV 8–16; LV 10–18
RV 17–18; LV 19–20
RV 19–22; LV 21–24

N/A
N/A
N/A

 7
 8
 9

Amplatzer
Post‐Infarct
VSD
Occluder *

16
18
20
22
24

26
28
30
32
34

10
10
10
10
10

 9
 9
10
10
10

ASD, atrial septal defect; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; VSD, ventricular septal defect.
* Devices not available in the USA.
Source: Data obtained from St. Jude Medical Corporation, St. Paul, MN, USA.

Figure 57.2 Transcatheter ventricular septal defect (VSD) closure. Top 
left: left anterior oblique left ventricle (LV) angiogram demonstrating 
muscular VSD with communication from left to right ventrile (arrow). 
Top right: an arteriovenous rail from femoral artery to internal jugular 
vein is established. Bottom left: muscular VSD device prior to release 
with LV angiogram showing no residual shunting. Bottom right: 
device is released with stable position and minimal residual shunt.
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Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Near‐abolition of rheumatic heart disease in developed countries 
has transformed the demography of aortic stenosis (AS), which 
today results primarily from age‐associated calcific degeneration [1]. 
Once common in the sixth decade of life, onset of AS today occurs 
most commonly in the eighth decade of life. Among older adults, AS 
is common, with moderate or severe valvular AS documented in 
2.8% of US adults over age 75 [2]. Accordingly, with aging of the 
population [3], incidence is rising.

In the absence of aortic valve replacement (AVR), symptomatic 
severe AS portends a high risk of mortality that has remained 
largely unchanged despite advances in medical therapy [4–6]. And 
yet, with shift in the onset of AS to later years of life, its natural his-
tory has been transposed to an age with greater burdens of frailty 
and medical comorbidities, complicating management. Before the 
recent advent of transcatheter AVR (TAVR), only half of older 
adults with severe AS would ever visit a cardiothoracic surgeon, and 
fewer still would ultimately undergo AVR. Common reasons for 
this gap included advanced age, comorbidities, high operative risk, 
perceived lack of symptoms, and refusal by patients or family mem-
bers [7]. TAVR today offers a lifesaving option for many patients at 
high or extreme risk for surgical AVR [8–10], and an emerging 
alternative for those at intermediate risk [10a].

Percutaneous balloon aortic valvuloplasty (BAV) is a minimally 
invasive structural intervention for management of symptomatic 
severe valvular AS which emerged in the 1980s, first used in 
 children with congenital AS [11] and subsequently in adults with 
bicuspid aortic valve disease, rheumatic heart disease, and calcific 
AS [12,13]. The technique found particular application among 
patients who were too ill to undergo surgery [14]. With a minimally 
invasive approach, it was possible to achieve immediate reduction 
in the transvalvular aortic gradient, increase in calculated aortic 
valve area, and often improvement in left ventricular function 
[15–17]. Enthusiasm for these acute benefits and accompanying 
symptom relief [18] was tempered, however, by recognition of their 
lack of durability. Three‐quarters of patients exhibit hemodynamic 
evidence of restenosis at 6‐month follow‐up after BAV [19–21], and 
indeed, reductions in transvalvular gradient can begin to regress 
within days after the procedure [22]. Correspondingly, BAV has 

been found to yield no benefit for event‐free or actuarial survival 
above and beyond that expected with medical management of AS 
alone [23,24]. With appreciation that BAV, though less invasive 
than surgery, was not without risk [25], the procedure was largely 
dismissed as a standard treatment for symptomatic severe AS, and 
rather relegated to the roles of palliation in selected cases or 
 occasional temporization prior to surgical AVR [26].

TAVR has disrupted the field of AS management, however, and 
accordingly, BAV is receiving a second look [27]. The TAVR move-
ment has renewed attention to the many patients with AS previously 
deprived of intervention because of advanced age or comorbidities. 
Implementation of percutaneous transfemoral TAVR has required 
teaching and learning skills shared with BAV and, in particular, tech-
niques for safe large‐bore femoral arterial access and closure. 
Indications for BAV have emerged before and during the TAVR pro-
cedure. In several centers, the introduction of a TAVR program 
brought with it an increase in utilization of BAV [28,29]. This chap-
ter provides a comprehensive reassessment of BAV and large‐bore 
arterial access for adult patients with calcific AS in the era of TAVR.

Basic principles and mechanisms 
of action
Broadly, BAV entails large‐bore vascular access, typically via the fem-
oral artery; placement of a stiff guidewire across the aortic valve; 
delivery of a non‐compliant balloon over the guidewire to the level of 
the aortic valve; balloon inflation; device removal; and arteriotomy 
closure. For each element, there exist specialized  equipment, essential 
technique, and opportunities for failure and complications.

Inflation and deflation of a non‐compliant balloon placed prop-
erly across the stenosed aortic valve produces an immediate increase 
in valvular effective orifice area via three major mechanisms: frac-
ture of calcium deposits, rupture of commissural fusion, and, to a 
lesser degree, stretch of valve and annular tissue [13,30–32]. 
This increase in effective orifice area, typically 50% above baseline 
upon immediate reassessment [33], confers an acute reduction in 
transvalvular pressure gradient and left ventricular afterload. 
Accordingly, immediately post‐BAV, patients characteristically 

Aortic Valvuloplasty and Large‐Bore 
Percutaneous Arterial Access

Matthew I. Tomey, Annapoorna S. Kini, Samin K. Sharma, and Jason C. Kovacic
The Zena and Michael A. Wiener Cardiovascular Institute, and The Marie‐Josée and Henry R. Kravis Cardiovascular Health Center, Icahn School of Medicine at Mount Sinai, 
New York, NY, USA

ChAPter 58

SeCTIon III Valvular Heart Disease Interventions



CHAPTER 58 Aortic Valvuloplasty and Large‐Bore Percutaneous Arterial Access 547

experience a fall in left ventricular peak systolic pressure, left 
 ventricular end‐diastolic pressure, and pulmonary capillary wedge 
pressure. Correction of afterload mismatch [34] can be associated 
with an increase in calculated cardiac output and improvement in 
left ventricular ejection fraction, particularly among those with left 
ventricular systolic dysfunction at baseline [17,33]. In the absence 
of a change in stroke volume, improvement in left ventricular per-
formance can be evident in a decrease in ejection time, particularly 
in the later decelerative phase of systole [35]. Additional salutary 
effects of BAV include attenuation of sympathetic nervous system 
and renin–angiotensin–aldosterone system activation and mitiga-
tion of hemostatic dyscrasias associated with AS, typified by shear-
ing of von Willebrand factor multimers [36,37].

Effects of BAV on aortic valve area, hemodynamics, and left ven-
tricular performance are short‐lived. Regression begins quickly: 
within 2–4 days after BAV patients can expect a 20% increase in 
mean and peak instantaneous pressure gradient, with 80% of 
patients experiencing a rise in peak instantaneous pressure gradient 
of at least 10% [22]. This rebound in pressure gradient can be 
explained in part by a small but measurable increase in stroke 
 volume via reduction in afterload mismatch. Inflammation and 
fibrosis of the valve following traumatic injury mediate a structural 
remodeling response that also contributes to restenosis. In the early 
weeks following BAV, there is evidence of hemorrhage and inflam-
mation at sites of calcium fracture, with a neutrophilic predomi-
nance [38]. By 2 months, microfractures persist but with a transition 
in associated inflammation to a heavier infiltrate of lymphocytes, 
plasma cells, granulation, and mesenchymal tissue [38]. In the 
months that follow, the acute inflammatory response gives way to 
mesenchymal cell proliferation, hyalinization, myxoid change, and 
dystrophic calcification and scarring [39]. By 6 months, approxi-
mately half of patients experience restenosis back to their baseline 
level of valvular stenosis [18,40,41].

Indications and evidence for use
Although TAVR has inspired re‐examination of BAV, the essential 
transience of the benefits of BAV remains unchanged, and this 
informs contemporary indications for its use. In older patients with 
calcific AS, the primary indication for BAV is to provide temporary 
relief of transvalvular pressure gradient and symptoms in well‐
selected patients in anticipation of definitive therapy with surgical 
AVR or TAVR. Current American College of Cardiology (ACC)/
American Heart Association (AHA) guidelines issue a single rec-
ommendation for BAV: “Percutaneous aortic balloon dilation may 
be considered as a bridge to surgical AVR or TAVR in patients with 
severe symptomatic AS” (Class IIb, level of evidence C) [42].

In clinical practice, this “bridging” role has been applied in sev-
eral scenarios. For patients acutely ill with symptomatic, severe AS 
who are too unstable to undergo either surgical AVR or TAVR, 
BAV facilitates partial recovery en route to subsequent definitive 
therapy [28,29,43]. In other patients with symptomatic, severe AS, 
particularly those with evidence of a low cardiac output, low left 
ventricular ejection fraction, and/or low transvalvular gradient, 
BAV serves a diagnostic purpose to assess the likelihood of 
improved left ventricular performance in response to afterload 
reduction. In certain patients requiring urgent surgery, BAV is 
sometimes used as a short‐term measure with intent to reduce the 
cardiovascular risk of non‐cardiac surgery [44–47]. High quality 
evidence for this approach is lacking and current guidelines do not 
endorse it [42]. Finally, in patients who cannot undergo either 

 surgical AVR or TAVR, BAV remains useful as a palliative measure 
for temporary symptom relief in select patients. Among inoperable 
patients randomized to standard therapy in the Placement of 
Aortic Transcatheter Valves (PARTNER) trial, the 73% of patients 
who underwent BAV post‐randomization enjoyed a significant 
improvement in quality of life at 30 days that was sustained to 
6 months but gone by 1 year [43].

As a new role for BAV, it has become an integral step during 
TAVR in many centers. The purpose of performing BAV as the step 
immediately prior to the deployment of a percutaneous valve 
 during TAVR is to ensure the aortic valve leaflets open adequately 
to permit the passage of the valve across the calcified and disease 
aortic valve apparatus. However, this indication for BAV continues 
to evolve as the crossing and deployment profiles of the various 
TAVR valves improves. Typically, operator preference has a signifi-
cant role in the decision to perform BAV immediately prior to valve 
deployment during TAVR.

In children and young adults with congenital AS, BAV maintains 
an important role. As discussion of BAV in the young exceeds the 
scope of this chapter, we direct our readers elsewhere for further 
review [48].

Patient selection and contraindications 
to BAV
In appreciation of both the temporary benefits and the significant 
risks of BAV, contemplation of the procedure must obey the princi-
ple of primum non nocere. The assessment of benefits and risks is 
inherently individualized. It is nonetheless important to highlight a 
few relative if not absolute contraindications to BAV: moderate to 
severe valvular aortic insufficiency; lack of a safe means for percu-
taneous vascular access and closure; eligibility for primary surgical 
AVR or TAVR; and, conversely, lack of likelihood to benefit from 
mechanical relief of AS.

Analysis of the TAVR experience has made apparent a subset of 
patients with symptomatic, severe AS who do not benefit from correc-
tion of AS, even by AVR. At 1 year follow‐up of the PARTNER trial, 
30% of inoperable patients assigned to TAVR were dead, and half were 
either dead or devoid of even moderate improvement in functional 
status or quality of life [8,49]. Clinical predictors of increased risk in 
the setting of severe AS are presented in Box 58.1 [50].

A final word of caution is warranted concerning risks and bene-
fits of repeated BAV. Given the predictable eventual recurrence of 

Box 58.1 Adverse prognostic indicators for balloon aortic valvuloplasty

• Severe left ventricular dysfunction, as evidenced by low flow (stroke 
 volume index <35 mL/m2), low gradient (resting mean gradient <20 mmHg), 
and/or low ejection fraction with lack of contractile reserve (increase in 
stroke volume ≥20%) on dobutamine stress echocardiography [51]

• Severe myocardial fibrosis, as assessed by cardiac magnetic resonance 
imaging [52]

• Severe concurrent mitral [53,54] or tricuspid [55] valve regurgitation
• Severe pulmonary hypertension [56]
• Severe liver, kidney, or lung disease, particularly when  associated with 

oxygen dependence
• Severe elevation in global risk scores such as the Society for Thoracic 

Surgeons risk score (>15%) [57] and the logistic EuroSCORE [58]
• Geriatric factors, including frailty, malnutrition, impaired cognition, mood 

disturbance, social isolation, disability, impaired mobility, fall tendency, 
and polypharmacy [59–61]



548 PART III Hypertension and Structural Heart Disease SECTIon III Valvular Heart Disease Interventions

stenosis and symptoms after initial BAV, in selected surviving 
patients with symptomatic, severe AS, repeated BAV can be consid-
ered. It is important to recognize that hemodynamic benefits of 
repeat BAV may be more modest than those achieved with initial 
balloon dilatation [43], and durability of benefits may be reduced 
[62]. For a given patient, the probability of experiencing a serious 
complication of BAV increases with repeated exposure to the proce-
dure. Risks are particularly elevated on the third and fourth 
 occasions [62].

Approach to the procedure
BAV, like its descendant TAVR, can be accomplished either via an 
anterograde or retrograde approach, described as the direction in 
which the balloon crosses the aortic valve relative to the direction of 
blood flow.

An anterograde approach, in which the balloon approaches the 
valve via the left ventricle, can be accomplished either via left 
 ventricular apical access or via venous access with accompanying 
trans‐septal or caval–aortic [63] puncture. The major advantage of 
an anterograde approach is avoidance of the arterial system, which 
is affected by a substantial and sometimes prohibitive burden 
of  atherosclerosis in many candidates (Table  58.1). Transvenous 
access, in particular, offers the putative advantage of reduced access 
site bleeding and vascular complications in association with large‐
bore vascular access. A transvenous approach was indeed used for 
the first case of TAVR in humans [64]. Transapical access, which 
was studied in the context of TAVR in the PARTNER trial [8,9], 
offers the added advantages of a shorter distance from the access 
point to the aortic valve, avoidance of the aortic arch with the 
device, coaxial wire positioning across the aortic valve, and secure 
access site closure under direct visualization, at the expense of a 
mini‐thoracotomy [65]. Somewhat surprisingly, expected  benefits 
of the transapical approach for stroke avoidance were not observed 
in the PARTNER trial. Potential explanations include residual 

 confounding from vasculopathy influencing selection for the 
transapical approach in the PARTNER trial [66] and the like lihood 
that many if not all intraprocedural strokes during TAVR occur 
during device positioning and deployment at the level of the aortic 
valve, irrespective of approach [67]. Importantly, while anterograde 
BAV is still performed in association with anterograde TAVR, given 
the more invasive nature of this approach it is  difficult to conceive 
of any situation in which anterograde BAV would be performed as 
a stand‐alone procedure in the current era. The remainder of this 
chapter exclusively considers the retrograde approach.

A retrograde approach has been traditionally favored for BAV. 
In this approach, access is obtained via a large artery (typically, the 
common femoral artery), and equipment is advanced over 
 guidewires to the left heart via retrograde passage through 
the  aorta. In most cases, transfemoral access permits a totally 
 percutaneous approach. Challenges particular to the transfemoral 
 retrograde approach include risks of vascular complications, 
bleeding, often tortuous aortoiliac anatomy, and a long distance 
from the access point to the aortic valve (70–100 cm), creating 
opportunities for wire bias, slack, and non‐coaxial device position-
ing across the aortic valve [65]. In the following sections, we 
 discuss the optimal approach to large‐bore arterial access and 
 retrograde percutaneous transfemoral BAV, acknowledging that 
there exist inter‐ institutional and inter‐operator differences in 
technique, preference, and style.

Large‐bore arterial access
Safe femoral arterial access is a fundamental step in BAV and TAVR, 
with important implications for procedural success, safety, and 
patient satisfaction. Indeed, there are numerous other indications 
for large‐bore percutaneous arterial access in the modern catheteri-
zation laboratory, such as left ventricular hemodynamic support 
devices [72,73]. The techniques described are equally applicable 
across all of these applications.

Table 58.1 Atherosclerotic disease burden in high‐risk patients with severe aortic stenosis.

Citation Year Description n CAD (%) CVD (%) PAD (%)

Leon et al. [8] 2010 PARTNER trial (extreme risk cohort) 179 67.6 27.4 30.3

Rodes‐Cabau et al. [56] 2010 Canadian registry 339 69.0 22.7 35.4

Smith et al. [9] 2011 PARTNER trial (high risk cohort) 348 74.9 29.3 43.0

Moat et al. [68] 2011 British registry 870 47.6 – 29.0

Gilard et al. [58] 2012 French registry 3195 47.9 10.0 20.8

Mack et al. [69] 2013 STS/ACC TVT registry 7710 68.9 13.0 31.3

Adams et al. [10] 2014 US CoreValve trial 394 75.4 12.9 41.7

Abdel‐Wahab et al. [70] 2014 CHOICE trial 241 63.1 19.9 17.4

Hamm et al. [71] 2014 German registry 3875 54.4 13.2 20.1

Percentages reflect investigator‐reported rates of disease at baseline per study definitions.
ACC, American College of Cardiology; CAD, coronary artery disease; CVD, cerebrovascular disease or stroke; PAD, peripheral artery disease; PARTNER, Placement of 
Aortic Transcatheter Valves; STS, Society of Thoracic Surgeons; TVT, transcatheter valve therapy.
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Successful arterial access provides a sufficiently large channel to 
permit both insertion and removal of necessary devices such as a 
BAV balloon; an unobstructed pathway from the access point to the 
aortic annulus and heart; an “exit strategy” for safe closure and hemo-
stasis at procedure conclusion; and minimization of pain, bleeding, 
and vascular complications. With effective percutaneous access and 
closure, a patient can be mobilized within hours of BAV, or even 
TAVR, with little to show other than a small incision and a bandage.

Candidates for large‐bore arterial access, however, often repre-
sent a particularly vulnerable subset of patients with severe AS with 
a disproportionate burden of frailty, comorbidity, and instability, 
limiting tolerance for complications. The femoral and iliac arteries 
are commonly affected by atherosclerosis, as shown in Table 58.1, 
with associated tortuosity, calcification, and luminal narrowing. 
Sheaths required for BAV are large, ranging from 9 to 12 Fr 
(3–4 mm) in diameter, while access for TAVR requires access from 
14 up to 22–24 Fr. Vascular complications of BAV remain common, 
affecting 5–10% of patients in the TAVR era [74]. The stakes of vas-
cular complications are high. In patients undergoing transcatheter 
aortic valve interventions including BAV, major vascular complica-
tions are associated with higher rates of bleeding, transfusion, renal 
failure, and mortality [74,75]. Accordingly, meticulous planning 
and technique for femoral arterial access and closure for BAV and 
TAVR are required.

Access planning
Increasingly, computed tomography angiography (CTA) is per-
formed prior to contemplating large bore arterial access for the 
 purpose of access planning. This exercise is mandatory prior to 
arterial access for TAVR. Selected recent recommendations for 
this imaging from the Society for Cardiovascular Computed 
Tomography [76] are presented in Box 58.2. When CTA is available, 
it is essential that the primary operator responsible for access 
reviews the primary imaging data in advance of the procedure. 
Nevertheless, in many cases, a comprehensive, appropriately proto-
colled CTA may not be available at the time of BAV. Attention 
should be paid in these cases to iliofemoral angiography performed 
in the context of cardiac catheterization.

Key observations on pre‐procedure CTA, if available, and prior 
iliofemoral angiography include the size, tortuosity, plaque  burden, 
and calcification of the left and right iliac and femoral arteries. 

Special note should be made of the location of the common femoral 
bifurcation, particular areas of heavy plaque or calcification, 
anomalies and anatomic variants, and any evidence of vascular 
injury or soft tissue pathology secondary to prior procedures. 
Based on these observations, the operator should form a strategy 
for the laterality, precise cranio‐caudal position, and caliber of the 
femoral arteriotomy.

Sheath selection
Sheath sizes appropriate for transfemoral BAV range in caliber 9–22 
Fr, with requirements that vary based on balloon selection 
(Table 58.2). Sheath selection for TAVR is dependent on the valve 
being implanted, and ranges 14–22 Fr. As mentioned, there are 
three principal factors to consider in terms of suitability of vascular 
access for large‐bore sheath insertion: minimum diameter, tortuos-
ity, and degree of calcification. While not the only factor to be con-
sidered, experience with TAVR has demonstrated the danger of 
sheath oversizing. A sheath‐to‐femoral artery ratio exceeding 1.05 
predicts increased risks of not only vascular complications but also 
short‐term mortality [77].

In addition to sheath caliber, it is important to tailor sheath 
length to vascular anatomy. For most patients, standard short 
sheaths measuring 10–12 cm in length are sufficient to provide 
secure arterial access and support for BAV. In selected patients 
with significant iliofemoral plaque, calcification, or tortuosity, a 
longer sheath is desired to facilitate torque control and smooth 
device advancement and retrieval. A 25 cm sheath is usually 
 adequate to bypass the iliac arteries, whereas a 45–55 cm sheath 
will typically terminate comfortably in the descending thoracic 
aorta. In rare cases with extreme aortoiliac tortuosity, longer 
sheaths are considered. For TAVR, in most cases using a percuta-
neous transfemoral approach, a 25–40 cm sheath is used which 
terminates in the mid‐descending aorta.

Pre‐closure
Successful use of a percutaneous suture‐mediated closure device 
 dramatically simplifies large‐bore arterial access site management. 
In published observational data, the use of a percutaneous suture‐ 
mediated closure “pre‐close” technique has been associated 
with  improved vascular and bleeding outcomes. In the Effect of 
Bivalirudin on Aortic Valve Intervention Outcomes (BRAVO) 

Box 58.2 Recommendations for use of CTA in TAVR access planning

• CTA should be performed in the evaluation process of patients who are under consideration for TAVR unless there is a contraindication
• CTA datasets should be interpreted jointly with a member of the TAVR procedural team or reviewed with the operator before the procedure
• Slice thickness should be ≤1.0 mm
• Imaging of the aorta and peripheral vessels should extend from the aortic arch (and preferably subclavian artery) to below the groin
• Imaging of the abdominal aorta and peripheral vessels does not need to be ECG gated
• CTA examinations should be performed with iodinated contrast medium. Contrast agent exposure can be an issue in patients who are often of advanced age 

and may have renal impairment. Contrast reduction and adherence to protocols for prevention of  contrast‐induced nephropathy is recommended
• Qualitative assessment of vascular tortuosity should be performed
• Qualitative assessment of vascular calcification should be performed
• Consideration to varied thresholds of vessel size (sheath : femoral artery ratio) should be contemplated, depending on the presence and extent of vascular 

calcification
• The left ventricle should be evaluated for the presence of thrombus and, if a transapical access route is planned, for geometry and position of the apex
• The entire aorta should be imaged and evaluated, unless a transapical access is planned
• Severe elongation and kinking of the aorta, dissection, and obstructions caused by thrombus or other material should be reported

CTA, computed tomography angiography; ECG, electrocardiogram; TAVR, transcatheter aortic valve replacement.

Source: Selected recommendations from the Society for Cardiovascular Computed Tomography, adapted from Achenbach et al. 2012 [76]. Copyright 2012, 
with permission from Elsevier.



550 PART III Hypertension and Structural Heart Disease SECTIon III Valvular Heart Disease Interventions

 registry of 428 patients undergoing BAV between 2005 and 2011, 
patients treated with pre‐closure technique (n = 269) experienced a 
significantly lower rate of not only major bleeding (5.6% vs. 14.5%; 
p = 0.01), but also a composite of major bleeding, myocardial 
 infarction, stroke, and all‐cause mortality (10% vs. 24.5%; p <0.001) 
[78]. It is important when interpreting such observational data to 
acknowledge the  influence of atherosclerotic disease burden on 
patient eligibility for vascular closure device use and likelihood of 
device success.

Anterior wall calcification and vascular fibrosis are key predictors 
of closure device failure [79]. In addition to providing a plausible 
explanation for an increase in closure device failure, local access site 
bleeding, and vascular complications [56], iliofemoral atherosclerosis 

has been shown to predict incident cardiovascular events attributable 
to other vascular beds [80].

Pre‐closure technique can be accomplished using either of two 
commercially available suture‐mediated closure systems marketed 
by Abbott Vascular (Redwood, CA, USA): Prostar® XL and 
Perclose ProGlide®. Both systems can be used for primary closure 
at the conclusion of a transfemoral procedure (“post‐closure”), 
with the Prostar XL device indicated for closure of arteriotomies 
of 8.5–10 Fr and the Perclose ProGlide device indicated for 
 closure of arteriotomies of 5–8 Fr. With a pre‐closure technique, 
sutures are partially deployed prior to maximal dilatation of the 
arteriotomy, permitting more certain grasping of peri‐arteriotomy 
arterial tissue and the ability to close larger holes. For closure of 

Table 58.2 Selected aortic valvuloplasty balloons and recommended sheath sizes.

Balloon Manufacturer Diameter (mm) Length (cm) Sheath size (Fr) Illustration

Z‐MED™ B. Braun 18
20
22
25

4
4
4
4

10
12
12
12

Z‐MED™ II B. Braun 18
20
22
23
25

3, 4, or 6
4
4
4
4 or 5

10
12
12
14
14

Tyshak® B. Braun 18
20
22
25

3 or 5
3, 4, or 6
4
4

8
8
9
9

Tyshak II® B. Braun 18
20
22
23
25

3, 4, 5, or 6
3, 4, 5, or 6
4, 5, or 6
4 or 5
4, 5, or 6

8
8
8
9
9

NuCleus‐X™ B. Braun 18
20
22
25

4, 5, or 6
4, 5, or 6
4, 5, or 6
4, 5, or 6

10
12
12
12

Vida® PTV 
Dilatation 
Catheters

C.R. Bard, Inc. 18
20
22
24

2, 4, or 6
2 or 4
2 or 4
2 or 4

8 or 9
9
10
10

Bard® True 
Dilatation® 
Balloon 
Valvuloplasty 
Catheters

C.R. Bard, Inc. 20
22
24

4.5
4.5
4.5

11
12
12

Z‐MED, Tyshak and NuCleus‐X are trademarks and/or registered trademarks of B. Braun Interventional Systems, Inc. (Bethlehem, PA, USA). Bard, True Dilatation, and 
Vida are trademarks and/or registered trademarks of C.R. Bard, Inc. (New Providence, NJ, USA). Braun balloon images: Reproduced with permission from B. Braun 
Interventional Systems. Bard balloon images: Copyright 2015 C.R. Bard, Inc. Used with permission.
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very large arteriotomies, multiple devices can be used in conjunc-
tion. In published literature, a single Prostar XL device has been 
used successfully to pre‐close arteriotomies as large as 18 or 19 Fr, 
and a pair of devices has been used successfully to close arterioto-
mies measuring 22 or 24 Fr in the context of TAVR [81]. With the 
Perclose ProGlide device, a combination of two devices can be 
used to close arteriotomies measuring 8.5–24 Fr. In our practice, 
we have observed that pre‐closure with a single Perclose ProGlide 
device can sometimes be adequate to achieve closure of 9 or 10 Fr 
arteriotomies.

One study has compared the Prostar XL with Perclose 
ProGlide devices for the purpose of pre‐closure prior to TAVR. 
In the multicenter retrospective ClOsure device iN TRansfemoral 
aOrtic vaLve implantation (CONTROL) study, which included 
3138 patients undergoing percutaneous transfemoral TAVR, 
 propensity‐matched comparison of 944 patients assigned to pre‐
closure with either device revealed a significant excess of major 
vascular complications in Prostar XL‐treated patients (7.4% vs. 
1.9%; p <0.001) [82]. Additionally, Prostar XL‐treated patients 
experienced higher rates of major bleeding and acute kidney injury 
and had longer hospital stays. Differences in outcomes between the 
two devices perhaps reflect differences in device design. Whereas 
the Prostar XL delivers four needles on each end of two sutures, all 
delivered simultaneously outward from the arterial lumen, the 
Perclose ProGlide delivers two needles on each end of one suture, 
with two devices typically deployed in sequence via a cross‐hair 
approach [82]. Failure of the Prostar XL is total, whereas one of 
two Perclose ProGlide sutures can accomplish partial or even com-
plete success.

It is clear that experience matters. There is a demonstrable learn-
ing curve with percutaneous suture‐mediated closure systems, with 
success rates improving from 85% to over 95% in seasoned opera-
tors [81]. When performed by experienced operators, percutaneous 
suture‐mediated closure is furthermore associated with substantial 
reduction in total and major vascular complications, including iliac 
complications, and shorter stays in the intensive care unit after 
TAVR [81]. We strongly advocate that operators in training gain 
experience with use of a percutaneous suture‐mediate closure 
 system of choice in cases with smaller arteriotomies prior to 
 application in BAV or TAVR.

The above data have been progressively incorporated in 
 contemporary practice, and our perception is that most operators 
now prefer pre‐closure with Perclose ProGlide devices. For illustra-
tion of the steps in device use, readers are encouraged to view a 
manufacturer video demonstrating recommended technique which 
is freely available online (http://www.abbottvascular.com/us/video/
proglide-lhc-video.html).

Pre‐closure with Perclose ProGlide®

As a critical first step, pre‐procedure review of available iliofemoral 
imaging data is mandatory. While for TAVR ileofemoral assessment 
is primarily performed by CTA, for BAV CTA data may not be 
available, in which case the operator must rely on careful examina-
tion of the groin and iliofemoral anatomy by inspection, palpation, 
and fluoroscopic assessment. A prior history of multiple catheteri-
zations via the right femoral artery should also be considered, 
which typically leads to scarring of the arterial access site which 
makes pre‐closure more challenging. In this case a left femoral 
approach can be preferable. If a CTA is available, it is essential to 
pay close attention to the common femoral arteries, to identify vas-
cular diameter and areas of calcification, the site of the bifurcation 

of the common femoral artery, and to relate these data to bony land-
marks such as the femoral head that can then be used as a reference 
for accurate arteriotomy.

On inspection, identify the inguinal crease and make note of any 
superficial scars, wounds, and fungal infections that could interfere 
with access. On palpation, identify the inguinal ligament and the 
point of maximal impulse of the femoral arterial pulse, scanning 
cranially and caudally, paying attention to areas of a diffuse or split 
impulse, which may reflect the bifurcation of the femoral artery 
into its superficial and deep branches. If the pulse is diminished or 
absent, be suspicious of significant aortoiliac atherosclerosis. It is 
important also to recognize qualities of the soft tissue overlying the 
femoral artery, such as scarring and depth of adipose tissue, which 
can impede delivery of larger sheaths or percutaneous sutures. On 
fluoroscopic assessment, evaluate the appearance of the unopaci-
fied femoral artery in the anteroposterior projection with particular 
attention to zones of dense calcification. Real‐time fluoroscopy 
during left–right rotation of the camera provides additional three‐
dimensional perspective of vascular calcification, in particular per-
mitting recognition of anterior wall calcium. A radio‐opaque object 
such as a hemostat can be placed at this time to mark a desired 
location for arterial puncture.

Given the frailty and hemodynamic tenuousness of many patients 
undergoing large‐bore arterial access, aim to use minimal necessary 
doses of parenteral anxiolytics and narcotics, instead favoring thor-
ough local anesthesia, typically with 1% lidocaine. Next proceed with 
arterial puncture. Many techniques are possible here, and typically 
the “optimal” technique for any individual operator will be closely 
related to what they usually perform for small‐bore access. A popular 
approach is to initial “micro‐access” using a 21‐gauge needle and 
compatible wire, then confirming position by contrast injection 
through a 1–2 Fr microsheath. An anterior wall puncture of the com-
mon femoral artery in an area of minimal calcification and plaque is 
required to permit pre‐closure technique. Accordingly, in the event of 
a suboptimal puncture, it is easy to remove the microsheath and abort 
the arteriotomy, obtain manual hemostasis, and reattempt access. 
Once satisfactory arteriotomy is achieved, exchange the micro‐access 
system for an 0.035‐inch wire and proceed with pre‐closure.

Other popular techniques for accurate arteriotomy include first 
accessing the contralateral common femoral artery and then plac-
ing a small catheter in the ipsilateral external iliac artery and then 
performing an angiogram to precisely delineate the ideal access 
point on the desired side for the large‐bore sheath. As a variation on 
this, 4–5 Fr pigtail catheter can be placed from the contralateral 
common femoral artery into the precise position in the ipsilateral 
common femoral artery that is desirable to access (guided by con-
trast injections and angiography through the pigtail as needed), 
with the operator then accessing the ipsilateral common femoral 
artery under fluoroscopy by aiming the tip the arteriotomy needle 
directly at the center of the pigtail.

Once suitable ipsilateral access has been initially secured by 
any  of these techniques, to facilitate successful pre‐closure and 
 subsequent large sheath delivery, it is advantageous to prepare the 
tissue track by blunt dissection. This can be performed before or 
after arterial puncture. The optimal tissue track should be large 
enough to accommodate the main sheath without being unneces-
sarily broad; free of clots, fat, skin tags, and fibrinous strands; and 
straight. Serpentine tracks significantly increase the difficulty of 
sheath insertion and closure.

Next advance a first Perclose ProGlide device over the 0.035‐
inch guidewire into the femoral artery until pulsatile flow is 
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observed from the device’s marker lumen. Next, rotate the device 
30–45° clockwise prior to deploying its suture in usual fashion. 
Then lower the footplate and withdraw the device, harvesting the 
sutures and re‐establishing wire access to the vessel. It is impor-
tant at this point to secure the lock and rail ends of the suture 
using a hemostat, taking care to avoid any tension in the suture 
(which would prematurely tighten the knot). Repeat the process 
using a second Perclose ProGlide device, instead rotating the 
device 30–45° counterclockwise prior to deploying the suture. If a 
single device is used, this can be deployed at 0°. Following pre‐ 
closure, access is re‐established using an 0.035‐inch guidewire. 
In  a stepwise fashion, sequentially dilate the tissue track and 
 arteriotomy from 8 Fr up to the desired sheath size (usually using 
only one or perhaps two dilation size increments) and finally 
insert the main sheath.

Contralateral safety wire
While less commonly used now because of decreasing TAVR sheath 
sizes, an optional technique is to deliver a “safety wire” from the 
contralateral common femoral artery down the ipsilateral ileofemo-
ral arterial system. Typically, a stiff 0.018‐inch guidewide is used for 
this purpose, which is performed using standard iliac crossover 
techniques. The wire is delivered down to the ipsilateral distal 
superficial femoral or proximal popliteal artery, and remains in 
place throughout the entire procedure. The safety wire can be deliv-
ered prior to pre‐closure, with a small risk of entanglement in the 
Perclose sutures, or after pre‐close, with the possibility of some dif-
ficulty navigating around the sheath and Perclose sutures that will 
then be in place in the ipsilateral common femoral artery. This 
safety wire provides secure access to the true lumen of the access 
vessel, and can be used to deliver an adjunctive balloon for inflation 
in the external iliac artery or at the arteriotomy site to assist with 
access site closure. In the advent of ileofemoral dissection, rupture, 
or perforation, a safety wire can be a lifesaving method to deliver a 
covered stent or other device. In contemporary practice, a safety 
wire is rarely if ever used for stand‐alone BAV, but is typically still 
used for larger TAVR sheaths.

Performing balloon aortic valvuloplasty
Prior to proceeding with BAV, if not previously performed, it is 
advisable to perform a comprehensive right and left heart catheteri-
zation in the standard fashion, including hemodynamic assessment 
and coronary angiography. Aortography is also performed in the 
left anterior oblique 30° projection to assess baseline severity of aor-
tic insufficiency.

Anticoagulation during BAV
Anticoagulation is indicated during BAV to reduce risk of proce-
dure‐related thrombosis and arterial thromboembolism. This is 
usually with a low dose of unfractionated heparin or bivaliru-
din – typically, half the dose that would normally be administered 
for coronary intervention.

Historically, the preference during BAV was to use unfraction-
ated heparin, with variable application of protamine at procedure 
conclusion for reversal of anticoagulation. Recently, there has been 
interest in using bivalirudin as an alternative to heparin for BAV 
and TAVR. Putative advantages of bivalirudin include predictable 
anticoagulant effect, avoidance of heparin‐induced thrombocyto-
penia, and a proven track record of bleeding avoidance in the 

 setting of percutaneous coronary intervention [83]. Potential disad-
vantages include irreversibility, reliance on renal clearance, and 
cost. To date, no randomized trials have compared the two agents 
for use in BAV. In the Effect of Bivalirudin on Aortic Valve 
Intervention Outcomes (BRAVO) registry, which retrospectively 
studied 427 patients undergoing BAV at two high‐volume centers, 
patients receiving bivalirudin (n = 223; 52.2%) experienced a lower 
rate of major bleeding (4.9% vs. 13.2%; p = 0.003) that remained sig-
nificant after multivariate analysis [84]. Observed reduction in 
bleeding was driven by both access site related bleeding (3.6% vs. 
7.8%; p = 0.06) and non‐access site related bleeding (1.3% vs. 5.4%; 
p = 0.02), which included pericardial bleeding. Stroke was rare, with 
two major strokes documented in the heparin group and none in 
the bivalirudin group.

Crossing the aortic valve
Multiple techniques are available for crossing the aortic valve. Often 
preferred is an Amplatz right 2 (AR2) catheter with careful advance 
of a stiff, straight‐tipped hydrophilic guide wire in the left anterior 
oblique projection. For different aortic configurations, other cath-
eters may be preferable to optimize alignment of wire advance with 
the axis of the aortic annulus. For dilated aortic roots, an Amplatz 
left 1 catheter may be more appropriate. A to‐and‐fro motion of the 
catheter tip with the cardiac cycle can indicate alignment of the 
catheter with the turbulent jet of left ventricular outflow and 
improved likelihood of success. If wire crossing is unsuccessful after 
2–3 minutes, it is usual to withdraw and clean the wire and flush the 
catheter prior to reattempt.

Once the wire crosses the aortic valve into the left ventricle, 
extreme care must be taken. Excessive advance of the slippery, 
sharp, stiff hydrophilic wire can easily perforate the left ventricle, 
precipitating pericardial hemorrhage and cardiac tamponade [85]. 
Mechanical irritation of the often hypertrophied left ventricular 
myocardium can precipitate ventricular tachyarrhythmias, poorly 
tolerated in the setting of severe AS. Once intracavitary position is 
confirmed, the hydrophilic wire is carefully exchanged for the soft‐
tipped catheter and removed.

Wires
After measuring and recording the transaortic valve pressure 
 gradient, the next step is to exchange the catheter for a stiff wire to 
support BAV. This can either be done directly, or by first placing an 
exchange‐length soft wire and changing the AR2 catheter for a 
 pigtail catheter, and then introducing the stiff wire via the pigtail. 
The latter two‐step approach is preferable for operators less experi-
enced in handling the very stiff wires required for BAV and TAVR 
that can also perforate the ventricle.

Several wires are suitable to support BAV, such as the J‐tipped 
Amplatz Extra Stiff, the straight 1 cm floppy tip Amplatz Super 
Stiff ™, and Lunderquist® wires (all from Cook Medical, Bloomington, 
IN, USA), in progressive order of increasing stiffness and support. 
If there are no mitigating factors such as vascular tortuosity, it is 
usually advisable to use the least stiff wire from among these 
options. Some of these wires require shaping prior to use, in which 
case either a pigtail bend (for the Amplatz Super Stiff), or a larger 
V‐shaped bend (for the Amplatz Extra Stiff) are usually created. 
Appropriate positioning of this wire at the left ventricular apex is 
essential to minimize the risk of lacerating the ventricle during the 
procedure. Exchange and replacement of the stiff wire using a 
 pigtail catheter can help to ensure central wire positioning, free 
from the mitral apparatus.
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BAV balloons
A selection of BAV balloons is presented in Table  58.2. Balloons 
vary with respect to length and size; shape, with some balloons fea-
turing a central “waist”; profile and associated sheath size require-
ment; speed of inflation and deflation; radiographic markers for 
placement; materials; and compliance. Choice of a specific balloon 
for an individual patient is influenced by annular size, availability, 
operator comfort, and limitations on safe sheath sizing.

With respect to balloon sizing, it is advisable to favor a balloon 
to aortic annulus diameter ratio of <1 : 1. Typically, most operators 
use an initial size range of 18–23 Fr for most patients. It is impor-
tant to also note that whereas balloons expand to become circular 
in cross‐section (Figure 58.1), the aortic annulus is rarely circular 
but is usually elliptical [86,87]. Annular size tends to be smaller in 
women [87] and larger in patients with bicuspid aortic valves [88]. 
In patients with very severe AS or heavy calcification of the valve 
apparatus, initial inflation with a balloon sized 1 : 1 with the aortic 
annulus may not be feasible or safe.

Balloons used in aortic valvuloplasty, sized with respect to diameter 
in millimeters, expand to become circular in cross‐section, with a 
 corresponding area equal to π times the radius squared. As discussed 
later, the feared complication of BAV, especially if performed as a 
stand‐alone procedure not in association with TAVR, is severe aortic 
regurgitation. This concern means it is always advisable to be 
 conservative in balloon selection for BAV. Sequential dilatation with a 
larger balloon is always an option, in which case it is possible to assess 
the degree of aortic regurgitation and ensure there has been no 
increase, prior to upsizing to a large balloon.

Pacing
Rapid ventricular pacing (at 180–200 b.p.m.) at the time of balloon 
inflation acutely decreases stroke volume and cardiac motion. This 
facilitates precise balloon placement and reduces likelihood of 
 balloon slippage or to‐and‐fro movement. To the extent that such 
to‐and‐fro motion can transform the balloon and wire into a spear 
and a saw, avoidance of this motion might reduce likelihood of 
 ventricular perforation, pericardial hemorrhage, and cardiac tam-
ponade during BAV. Whether rapid ventricular pacing should be 
performed routinely is controversial, with uncertainty about its del-
eterious hemodynamic effects and limited data concerning safety 
and efficacy [89]. In published observational literature [90], rapid 
ventricular pacing was helpful in balloon placement and safe even 
in high risk BAV patients. In order to minimize any added ischemic 
insult, it is important to minimize the duration of pacing. To 
accomplish this, close teamwork between operators and trained 
laboratory technical staff is essential.

Procedural conclusion
Following balloon inflation and deflation, the balloon is withdrawn 
from the body. Hemodynamic measurements are repeated to assess 
interval change in aortic valve gradient and area, and aortography is 

repeated to assess interval change in aortic regurgitation. Close 
monitoring is essential during this time, as new onset hypotension 
can be indicative of one of several life‐threatening complications. If 
the patient remains stable and the result is acceptable, it is appropri-
ate to proceed to arteriotomy closure. If a significant gradient 
remains, it is possible to consider repeat BAV using a larger balloon. 
In the decision to use a second, larger balloon, it is critical to weigh 
the potential risks, which of course increase with larger balloon 
size, against the benefits. For many frail elderly patients undergoing 
BAV as a stand‐alone palliative or temporizing procedure, the risk 
often outweighs the possible benefit. While an “acceptable” result 
from stand‐alone BAV varies according to the patient and their 
indication to undergo the procedure, typically a reduction in peak 
gradient by 50–70% is considered successful. Attempting to achieve 
a more substantial reduction in aortic gradient is unrealistic and 
potentially dangerous.

Arteriotomy closure and troubleshooting
If pre‐closure technique was successful, the pre‐deployed sutures 
can then be used to close the arteriotomy. Usually during TAVR, 
but rarely for BAV due to smaller sheath sizes and lack of con-
tralateral access, the large‐bore sheath is first retracted to the 
external iliac artery, and digital subtraction angiography (DSA) of 
the ipsilateral common and external iliac arteries is performed to 
ensure no arterial perforation or dissection. If there is no vascular 
injury, at this time the stiff wire is usually swapped for a softer 
wire, because withdrawing the stiff wire used for BAV/TAVR 
(especially if it has a large loop at the end) through the arteriot-
omy can damage the femoral artery. If a safety wire was placed, a 
conservatively sized peripheral balloon can be inflated in the dis-
tal external iliac artery to decrease flow. As the large‐bore access 
sheath is removed from the body, the Perclose sutures are tight-
ened in sequence, in the same order in which they were initially 
deployed. A guidewire can be left in place during this step, 
 maintaining access to the vessel and allowing reinsertion of a 
hemostatic sheath in the event that suture‐mediated closure is 
unsuccessful. Again, if a safety wire was placed, a low pressure 
inflation at the arteriotomy site is usually performed to aid with 
hemostasis. If contralateral access was obtained, a final DSA is 
then performed, and the procedure completed. Often, despite suc-
cessful pre‐closure, 5–15 minutes of additional manual groin 
compression is needed to achieve complete hemostasis.

For BAV using up to 12 Fr sheaths, if pre‐closure fails and there 
was no contralateral access, sustained manual compression is usu-
ally attempted to obtain hemostasis. If pre‐closure fails with larger 
sheath sizes where there is typically contralateral access, sustained 
balloon inflation at the arteriotomy site is performed. Ideally, this 
is via the safety wire that was placed at the beginning of the proce-
dure. If a safety wire was not placed, then it may be necessary to 
consider wiring across the arteriotomy site from the contralateral 
femoral access site. Technically, this can range from being 
 relatively simple if the issue is an unacceptable residual stenosis of 
the large‐bore access arteriotomy, to exceptionally challenging if 
there is a complex dissection, perforation, avulsion or significant 
hemorrhage from the large‐bore arteriotomy site. Obviously, if 
any of these more serious complications arise, more advanced 
 salvage techniques such as covered stent placement are required. 
If covered stent placement is needed, this is best performed on the 
 ipsilateral wire for common and external iliac complications, but 
for major complications at the large‐bore arteriotomy site, a wire 

18 20 22 23 25

2.9 cm2 3.1 cm2 3.8 cm2 4.2 cm2 4.9 cm2

Figure 58.1 Valvuloplasty balloon sizes and corresponding cross‐ 
sectional area.
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from the contralateral side is required. Complex iliac anatomy 
(calcification, stenosis, tortuosity) in BAV/TAVR patients can 
add  significant procedural challenge to the management of any 
vascular complication.

Complications of BAV and their 
management
Complications are common and can be life‐threatening. A list of 
key complications of BAV is presented in Table 58.3, with frequen-
cies as reported in the recent BRAVO registry [84].

Vascular complications are a particular concern, and patients 
having BAV or TAVR are at heightened risk because of comorbid 
atherosclerosis and large‐bore sheaths. Valve Academic Research 
Consortium criteria for major and minor vascular complications 
are presented in Box 58.3.

Structural complications particular to BAV merit special 
 consideration. Acute reduction in left ventricular afterload can 
induce development of a dynamic intracavitary gradient, par-
ticularly in patients with left ventricular hypertrophy, small 
chamber size, and any pre‐existing left ventricular outflow tract 
obstruction. Arterial pressure recordings can reveal hypotension 
and new onset of a spike‐and‐dome waveform. In rare cases, 
reported chiefly in the setting of TAVR [92], this can manifest 
fulminantly as cardiovascular collapse, earning the appellation of 
“suicide left ventricle.” Management consists of volume resuscita-
tion and pure vasopressors (e.g., phenylephrine) without beta‐
adrenergic  agonist properties.

Acute aortic insufficiency (~1%) [93] is a devastating complica-
tion of BAV which is best avoided by careful patient selection and 
balloon sizing. Clinical manifestations of acute aortic insufficiency 
include hypotension, a widened pulse pressure, flash pulmonary 
edema, cardiovascular collapse and arrest usually with pulseless 
electrical activity. Left ventricular pressure recordings show a steep 
rise in left ventricular diastolic pressure, equaling aortic diastolic 
pressure prior to end‐diastole in the setting of severe aortic regurgi-
tation. By contrast aortography, severe aortic insufficiency is 
 evidenced by instantaneous opacification of the left ventricle. Acute 
management, complicated by coexisting AS, consists of diuretics, 
arterial vasodilators, fast ventricular pacing, and surgical consulta-
tion if appropriate.

Patients with very severe AS and associated extensive aortic 
annular calcification are at risk for annular rupture (0.3%) [93]. 
Extreme caution is warranted in these cases. This catastrophic, rare 
complication of BAV is rapidly fatal, and the prognosis of emergent 
cardiac surgery is poor.

Cardiac perforation results in pericardial hemorrhage and  cardiac 
tamponade (0.3–1.2%) [84,93]. Causes of perforation include the 
temporary venous pacing wire, the hydrophilic wire used to cross 
the aortic valve, the stiff wire used to support BAV, and the balloon 
itself. Clinical presentation can be insidious as blood gradually accu-
mulates in the pericardium, not becoming clinically manifest as 
hypotension until several minutes later. Fluoroscopy reveals a 
 pericardial shadow. Echocardiography confirms the  diagnosis of 
pericardial effusion and can show evidence of tamponade physiol-
ogy. Treatment is emergent pericardiocentesis and  discontinuation 
of anticoagulation with protamine administration if heparin was 

Table 58.3 Complications of balloon aortic valvuloplasty.

Complication Frequency (%)

Mortality (in‐hospital) 6

Bleeding:
Major (BARC 3, 4, or 5)
Minor (BARC 1 or 2)

9
4

Vascular complications:
Major
Minor

2
5

Acute kidney injury 10

Myocardial infarction 3

Major stroke 0.5

Frequencies reflect reported event rates as adjudicated according 
to VARC and BARC criteria in the Effect of Bivalirudin on Aortic 
Valve Intervention Outcomes (BRAVO) registry [84].
BARC, Bleeding Academic Research Consortium; VARC, Valve 
Academic Research Consortium.

Box 58.3 Vascular access site and access‐related complications

Major vascular complications:
• Any thoracic aortic dissection
• Access site or access‐related vascular injury (dissection, stenosis, perforation, rupture, arteriovenous fistula, pseudoaneurysm, hematoma, irreversible nerve 

injury, or compartment syndrome) leading to either death, need for significant blood transfusions (≥4 U), unplanned percutaneous or surgical intervention, or 
irreversible end‐organ damage (e.g., hypogastric artery occlusion causing visceral ischemia or spinal artery injury causing neurologic impairment)

• Distal embolization (non‐cerebral) from a vascular source requiring surgery or resulting in amputation or irreversible end‐organ damage
Minor vascular complications:
• Access site or access‐related vascular injury (dissection, stenosis, perforation, rupture, arteriovenous fistula or pseudoaneuysms requiring compression or thrombin 

injection therapy, or hematomas requiring transfusion of ≥2 but, 4 U) not requiring unplanned percutaneous or surgical intervention and not resulting in irreversible 
end‐organ damage

• Distal embolization treated with embolectomy and/or thrombectomy and not resulting in amputation or irreversible end‐organ damage
• Failure of percutaneous access site closure resulting in interventional (e.g., stent graft) or surgical correction and not associated with death, need for significant 

blood transfusions (≥4 U), or irreversible end‐organ damage

Current definitions according to the Valve Academic Research Consortium.

Source: Leon MB, et al. 2011 [91]. Copyright 2011, with permission from Elsevier.
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used. Depending on the site and size of perforation, bleeding some-
times ceases spontaneously; in other cases, limited cardiac surgery 
with patch placement is required to obtain hemostasis.

Conclusions, recommendations, 
and future directions
The advent of TAVR has renewed interest in BAV and reminded us 
of its limitations. For patients once untreated for a deadly disease, 
BAV offers a minimally invasive option for temporary mechanical 
relief of severe AS and its symptoms. Yet, while minimally invasive, 
BAV still exposes patients to mortal risks. Though alleviating symp-
toms, BAV confers no durable benefit for longevity. Patients consid-
ering palliative BAV must still ask: “Am I willing to risk death for a 
chance at an improved quality of life?” For some, the answer is yes. 
Honest, open, patient‐centered conversations are mandatory to 
establish a plan of care tailored to an individual. For many patients 
under consideration for BAV, adjunctive consultation with pallia-
tive care services are  useful to facilitate broader conversations about 
goals of care.

Recognition of the persistently high rates of major complications 
of BAV reminds us of the need for further improvement in safety. 
Opportunities for improvement include research and development 
of lower profile balloon systems with smaller sheath requirements; 
atraumatic wires to cross the valve and support BAV; and bleeding 
avoidance strategies, including closure devices and different anti-
coagulant regimens.

Finally, as TAVR matures, miniaturizes, and streamlines, the 
question becomes: are there any remaining candidates for stand‐
alone BAV, or is the only appropriate mechanical treatment for 
severe AS an AVR? We foresee a continuing role for BAV for some 
time to come but predict that accessibility and availability of TAVR 
will only continue to increase.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Calcific aortic stenosis is an increasingly common problem in 
developed countries, with an estimated prevalence of 2–4% among 
adults over 65 years old [1]. After the onset of symptoms, severe 
aortic stenosis is associated with a median survival of approximately 
2 years without intervention [2]. Surgical aortic valve replacement 
(SAVR) has long been the standard of care for managing sympto
matic aortic stenosis in the absence of significant comorbidities [3]. 
Unfortunately, in practice, at least 30% of such patients do not 
undergo SAVR because of risk factors that are felt to put them 
at prohibitive surgical risk [4]. Initially, attempts to manage inoper
able patients with balloon aortic valvuloplasty (BAV) showed 
short‐term improvement in symptoms, but a high rate of stenosis 
recurrence and no improvement in survival [5]. Similarly, medical 
therapy has not been shown to significantly impact the disease pro
cess. Therefore, there continued to be a great need for novel thera
pies to treat patients without surgical options for aortic valve 
replacement. The result was the development of transcatheter aor
tic valve replacement (TAVR), which was first performed in a 
human patient by Cribier et al. in 2002 [6].

Several pivotal trials were subsequently conducted to study the 
safety and efficacy of TAVR [7–10]. Because of the success of these 
clinical trials, TAVR has become an established therapy for inoperable 
and high‐risk patients with severe aortic stenosis, shown excellent 
safety in certain intermediate risk populations, and grown from a 
technologic standpoint to include multiple valve designs, vascular 
access approaches, and unique procedural considerations (Figure 59.1) 
[11]. Generally speaking, TAVR has been divided into procedures that 
can be performed through adequate peripheral vascular access (most 
commonly from the femoral artery), and those requiring direct access 
to the thoracic cavity, either through the left ventricle (LV) apex via a 
mini‐thoracotomy (transapical) or through the ascending aorta via a 
mini‐sternotomy (transaortic). For specific patients in whom neither 
the transfemoral nor traditional chest access approaches are consid
ered feasible, operators have successfully implanted the valve using 
access at the subclavian artery, axillary artery, carotid artery, or  femoral 
vein (via a transseptal or transcaval approach). This chapter discusses 
the steps required to evaluate a patient for transfemoral (TF) TAVR, 
outlines the interventional technique for performing both balloon‐
expandable and self‐expandable TAVR, and discusses the identi
fication and management of procedural complications.

Indications and candidacy for TAVR
Currently, TAVR is indicated for inoperable and high‐risk patients 
with symptomatic, severe aortic stenosis, as determined by the exist
ing guidelines on management of valvular heart disease [3]. In the 
USA, the Edwards SAPIEN‐XT and S3 (Edwards Life Sciences, Inc., 
Irvine, CA, USA) balloon expandable valves and the Medtronic self‐
expanding CoreValve® and Evolute‐R® (Medtronic, Inc., Minneapolis, 
MN, USA) are currently approved by the Food and Drug Admini
stration (FDA) for commercial use. In Europe, there are additional 
devices that have obtained the Conformité Européenne (CE) mark 
of approval. As the technology grows, the populations in whom it is 
appropriate to offer TAVR continues to evolve, and recently pub
lished studies involve patients that are at intermediate surgical risk 
[12]. Currently, TAVR with the Medtronic, self‐expanding CoreValve 
is also an approved strategy for patients with severe, bioprosthetic 
valve degeneration, commonly referred to as “valve‐in‐valve TAVR.” 
TAVR is not currently approved for patients with severe aortic 
regurgitation without stenosis. The lack of appropriate devices for a 
frequently non‐calcified aortic valve and large annulus will need 
to be resolved before this technique can be widely applied to pure 
aortic regurgitation cases.

The most essential aspect of evaluating a patient for TAVR is the 
heart team approach, which focuses on a multidisciplinary assess
ment of each patient with the collaboration of cardiac surgeons, 
interventional cardiologists, imaging specialists, other experts from 
different disciplines, nurses, and other support staff. A careful 
assessment of comorbid conditions, both cardiovascular and non‐
cardiovascular, is important in determining each patient’s risk for a 
traditional surgical valve replacement (SAVR), and evaluation by a 
cardiac surgeon experienced in SAVR is a requirement to determine 
surgical risk category. Traditionally, these categories have been 
defined as low, intermediate, high, and extreme (not suitable for 
SAVR or “inoperable”). While the Society of Thoracic Surgeons 
(STS) risk calculator has often been used to set more quantifiable 
ranges for each of these categories, especially in the setting of rand
omized clinical trials, there are certain factors that are not accounted 
for in the established surgical risk calculators that have an especially 
large impact on surgical candidacy. These factors include the 
 presence of a porcelain aorta (evaluated by chest CT), chest wall 
deformities, severe lung disease (evaluated by pulmonary function 
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tests), cirrhosis, prior radiation to the chest, prior bypass graft anat
omy complicating re‐do sternotomy, or significant frailty [13]. Thus, 
the heart team approach is absolutely essential to ensure that the 
best possible options are made available to each individual patient.

Contraindications to TAVR
In some situations, despite elevated surgical risk, TAVR is not the 
most appropriate option. TAVR is often a less appropriate option 
for patients with multivalve disease requiring additional surgical 
replacement and/or repair, concomitant aortopathy, concomitant 
significant coronary artery disease not amenable to PCI, no or 
minimally calcified aortic valve disease in which the device may be 
less secure, and in some congenitally malformed valves. When the 
annulus is too small or too large to accommodate a transcatheter 
device, surgery is sometimes the only option. Finally, in some 
instances it is clear that the patient’s symptoms and life expectancy 
are limited by factors outside of their severe AS, and it is important 
not to offer a procedure that is unlikely to improve functional 
 status or survival. It is inappropriate to offer TAVR to individuals 

with a severely limited life expectancy because of non‐cardiac, 
comorbid conditions [13].

evaluating the patient for  
transfemoral TAVR
The most common route for TAVR is via the common femoral 
artery, termed the transfemoral (TF) approach. Other options 
include the transapical (TA) approach which is performed via a 
small left anterior thoracotomy, passing the catheter through the 
apex of the LV, and the transaortic (TAo) approach which is com
monly performed via a partial sternotomy, allowing direct access to 
the ascending aorta (discussed separately). Some operators perform 
the TAo approach via right thoracotomy or manubriotomy.

TF‐TAVR has the obvious benefit of being minimally invasive by 
obviating the need for sternotomy or thoracotomy, and in many 
cases can be completed using local anesthesia and conscious seda
tion. The primary requirement for TF candidacy is adequate ilio
femoral artery access. Many patients with calcific AS also possess 
significant peripheral arterial disease, and a careful evaluation of 

SAPIEN XT (Edwards)
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Figure 59.1 Commercially available and investigational TAVR devices in the USA. Sources: Top row: Images used with permission of Edwards 
Lifesciences LLC, Irvine, CA. Edwards, Edwards Lifesciences, Edwards SAPIEN, SAPIEN, SAPIEN XT, and SAPIEN 3 are trademarks of Edwards 
Lifesciences Corporation. Middle row (left and middle): CoreValve® images used with permission by Medtronic © 2016. (right): Portico™ 
Transcatheter Aortic Heart Valve. Portico and St. Jude Medical are trademarks of St. Jude Medical, Inc. or its related companies. Reproduced 
with permission of St. Jude Medical, © 2016. All rights reserved. Bottom row (left): Image provided courtesy of Boston Scientific. © 2016 Boston 
Scientific Corporation or its affiliates. All rights reserved. (right): DirectFlow valve image used with permission of DirectFlow.
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the arterial anatomy is essential. Fortunately, there have been 
 significant improvements in the size of the delivery sheaths needed 
for TAVR from the first generation devices to the present day, and 
in the recently completed PARTNER II continued access registry 
involving the Edwards S3 valve, 84% of high‐risk patients and 89% 
of intermediate risk patients were able to undergo TAVR via the 
TF approach.

All patients being considered for TAVR should undergo a con
trast enhanced computed tomography(CT) scan of the chest, abdo
men, and pelvis. The chest CT should be gated (images acquired at 
the same point in the cardiac cycle to limit artifact) to accurately 
determine the size of the aortic annulus, which dictates the size of 
the valve that the patient requires. The annulus is rarely a circular 
structure but frequently elliptical, so valve sizing based on single‐
diameter echocardiographic measurements can lead to significant 
error. Gaining a precise measurement of the aortic annulus is very 
important in reducing valve undersizing which is a significant risk 
factor for paravalvular regurgitation, and CT has been shown to 
reduce the degree of undersizing when compared with transtho
racic or transesophageal echocardiography [14,15]. Tomographic 

assessment of the aortic root is also important to evaluate the dis
tance between the annulus and the coronary artery ostia.

After obtaining the CT of the chest, imaging is continued through 
the abdomen and pelvis to evaluate the iliofemoral anatomy. The 
required iliofemoral diameter is dependent on the type and size of 
valve that is used. Table  59.1 shows the various available valve 
designs, sizes, corresponding sheath sizes, and minimal luminal 
diameter needed to accommodate the vascular sheath. The decision 
regarding adequate iliofemoral access is comprehensive and must 
take into account not only the size of the artery, but the presence of 
calcification, whether the calcification is circumferential, and the 
presence of significant tortuosity. Calcific arteries are less compli
ant and pose a higher risk for vascular complications, especially 
when the luminal diameter is borderline and calcification is cir
cumferential [16].

When renal function is deemed insufficient to tolerate a normal 
contrast CT, alternative ways to obtain the required information 
must be considered. One such strategy is to obtain annular meas
urements by cardiac magnetic resonance imaging (MRI) or three‐
dimensional transesophageal echocardiography (3D‐TEE), and 

Table 59.1 Commercially available and investigational transcatheter aortic valve replacement (TAVR) devices in the USA.

Valve
Available sizes 
(diameter in mm)

Fits native annulus 
size (mm)

Sheath size (inner 
diameter Fr)

Minimum 
femoral artery 
diameter* (mm) State of technology

Commercially available

Edwards 
SAPIEN XT

23
26
29

18‐22
21‐25
24‐27

16
18
20

6.0
6.5
7.0

CE Mark
FDA Approved

Edwards S3 20
23
26
29

16‐19
18‐22
21‐25
24‐28

14
14
14
16

5.5
5.5
5.5
6.0

CE Mark
FDA Approved
S3i Trial (intermediate risk)

Medtronic 
CoreValve

23
26
29
31

18‐20
20‐23
23‐27
26‐29

18
18
18
18

6.0
6.0
6.0
6.0

CE Mark
FDA approved

Medtronic 
Evolut R

23
26
29

18‐20
20‐23
23‐26

14 Equivalent 5.0
5.0
5.0

CE Mark
FDA Approved
SURTAVI Trial (intermediate risk)

Investigational devices

St. Jude 
Portico

23
25

19‐21
21‐23

18
18

6.0
6.0

CE Mark
US trials ongoing

Boston 
Scientific 
Lotus

23
25
27

20‐23
23‐25
25‐27

18
18
20

6.0
6.0
6.5

CE Mark
REPRISE III Trial (USA) 
enrollment complete

Direct Flow 
Valve (DF 
Medical)

23
25
27
29

19‐21
21‐24
24‐26
26‐28

18
18
18
18

6.0
6.0
6.0
6.0

CE Mark
SALUS Trial (USA) ongoing

* Based on manufacturer labeling where available. In practice, most valves that require an 18 Fr sheath can be placed through a minimal luminal diameter of 6 mm, 
and with the 14 Fr S3 sheath, as low as 5 mm, but individual practices differ.
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subsequently obtain a CT of the abdomen and pelvis by direct 
intra‐aortic injection of 10–15 mL contrast via a pigtail catheter. 
The pigtail catheter is placed and positioned under fluoroscopy via 
the common femoral artery in the cardiac catheterization labora
tory, and the patient is then transported to the CT scanner for a 
direct, arterial contrast CT, which can be performed with minimal 
contrast.

Alternative vascular access has been an area of significant inves
tigation as some patients have significant iliofemoral disease and 
are at prohibitive risk for TAo or TA TAVR. The subclavian and 
axillary arteries have been utilized in small groups of patients 
receiving the Edwards SAPIEN and Medtronic CoreValve devices, 
and appear both safe and feasible [17–19]. The carotid artery has 
also been used in small series of patients [20]. A venous, transsep
tal approach has been reported in small series as well, involving 
passage of the device from the femoral vein to the right atrium, 
across the intra‐atrial septum, into the LV, and across the valve in 
an antegrade fashion [21,22]. Finally, a transcaval approach has 
been described that involves gaining access to the femoral vein, 
and crossing from the inferior vena cava (IVC) to the descending 
aorta in the abdomen [23]. A closure device is then used to repair 
the arteriovenous fistula that is created at the conclusion of the 
procedure.

Management of cardiovascular 
comorbidities pre‐TAVR
Patients with senile, calcific aortic stenosis often have coexisting 
coronary artery disease, and commonly require concomitant cor
onary artery bypass grafting at the time of surgical AVR. In 
patients who are selected to undergo TAVR, similar efforts to 
achieve revascularization prior to the valve procedure are also 
important to consider. The impact of unrevascularized coronary 
artery disease on outcomes after TAVR has been difficult to 
quantify, however, as this is typically an exclusion criteria for 
clinical trials and retrospective analysis has its inherent biases. 
One prospective registry study considered the pre‐TAVR 
SYNTAX score (and for patients who were revascularized the 
residual SYNTAX score), and showed that the severity of CAD 
prior to TAVR was associated with an increase in cardiovascular 
mortality [24]. In general, severe stenosis in the presence of 
symptoms or large areas of ischemia that are amenable to percu
taneous coronary intervention (PCI) should be considered for 
PCI prior to TAVR. However, chronic occlusions, especially those 
with adequate collateral flow, are permissible to be approached 
less aggressively, but each case must be considered individually. 
Finally, in our experience, conservative management of certain 
asymptomatic but angiographically evident stenoses did not 
compromise the success of TAVR.

Carotid artery disease is also commonly found in patients with 
severe aortic stenosis, and must be carefully considered prior to 
TAVR. When severe carotid artery stenosis is discovered, particu
larly if the patient is symptomatic, carotid artery stenting (CAS) 
or  carotid endarterectomy (CEA) should be considered [25]. 
Intermediate lesions must be considered on a case‐by‐case basis, 
but situations in which carotid intervention would be especially 
important to consider prior to TAVR include patients with com
plete occlusion of the contralateral internal carotid artery (unpro
tected carotid stenosis), or patients who are likely to have a 
prolonged period of hypotension or hemodynamic instability dur
ing TAVR.

Electrical conduction system abnormalities must also be consid
ered, especially as they relate to LV function and the selection of 
balloon‐expandable versus self‐expandable TAVR devices. Patients 
with symptomatic LV dysfunction and significant left bundle‐
branch block (LBBB) need to be evaluated for cardiac resynchroni
zation therapy either before or after TAVR. It is important not to 
overlook the possibility of a LBBB cardiomyopathy superimposed 
upon a decline in LV function from valvular heart disease. Also, a 
proportion of patients undergoing TAVR develop additional AV 
conduction disease during or after the procedure. This is more 
common with self‐expanding valves, but irrelevant in patients who 
are already pacemaker dependent.

Certainly, it is important to optimize a patient’s hemodynamic 
status prior to any invasive procedure, and in more tenuous patients, 
Swan–Ganz catheter guided management to ensure adequate opti
mization of pre‐load and after‐load in the days leading up to TAVR 
can be important. Optimal management of non‐cardiovascular 
comorbid conditions is often equally important including chronic 
obstructive pulmonary disease (COPD), chronic kidney disease, 
and diabetes mellitus.

Interventional technique for TF‐TAVR
There can be considerable variation from institution to institution 
with regard to the facilities, personnel, and equipment that are 
involved in the procedure. While most hospitals perform TAVR in a 
“hybrid” suite that has the capability to be used as a catheterization 
laboratory as well as an operating room, some perform the procedure 
in a dedicated cardiac catheterization suite. While TF‐TAVR does not 
routinely require surgical access to the thorax, it is prudent to be pre
pared for any potential complications that would require emergency 
thoracotomy or sternotomy and cardiopulmonary bypass, and many 
institutions complete a full surgical preparation of the chest in the 
unlikely event that conversion to an open heart procedure is required 
[26]. Additionally, at most institutions the procedure is performed 
with the active participation of both interventional cardiologists and 
cardiac surgeons for similar reasons.

A decision must next be made with regard to the type of anesthe
sia used. During the early experience, it was almost universally 
accepted that patients be placed under general anesthesia during 
TF‐TAVR to allow for careful cardiopulmonary monitoring and to 
more easily facilitate continuous TEE during the procedure. As the 
procedure has become more refined, however, and with the signifi
cant reductions in paravalvular leak (PVL) seen with newer genera
tion devices, there has been less need for intra‐procedural TEE, 
although the impact of this strategy on PVL‐related outcomes is 
still unknown. Also, some patients undergoing TF‐TAVR have sig
nificant lung disease that makes endotracheal intubation undesira
ble. As a result, many institutions have transitioned to performing 
selected procedures under conscious sedation with excellent results 
[27,28]. That said, there are clear benefits to the involvement of 
anesthesiologists during TAVR, and rapid access to both general 
anesthesia and TEE is essential in case they are needed.

The following workflow describes the routine procedural steps in 
our institution. Once the patient is prepared and appropriate seda
tion administered, the next step is to obtain vascular access for the 
procedure. One arterial sheath is placed in the common femoral 
artery at the location where the TAVR sheath will eventually be 
placed. This should be on the side with the most favorable anatomy 
as determined by pre‐op evaluation. Given that this site will need to 
accommodate the largest arterial access sheath, exact placement of 
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the needle stick is essential. One way to ensure the correct place
ment of the arteriotomy is to confirm the relationship between the 
femoral artery bifurcation and the femoral head by either pre‐op 
CT or angiography, and then gain access to the artery with fluoro
scopic guidance utilizing a micropuncture needle. Alternatively, 
using ultrasound guidance to identify the bifurcation can also be 
very useful. These strategies ensure that the artery is accessed at the 
desired location, which can be confirmed by a small injection of 
diluted contrast through the micropuncture sheath, best visualized 
with digital subtraction angiography (DSA) in an ipsilateral pro
jection of approximately 40° which shows the femoral artery bifur
cation (Figure  59.2). Once the correct arteriotomy location is 
confirmed, the micropuncture sheath is exchanged for a short 5 Fr 
sheath. Contralateral arterial access is obtained in a similar manner, 
and this sheath is used to place a 5 Fr pigtail catheter in the aortic 
root for angiography during valve position/deployment. While this 
can instead be placed from a radial approach, we prefer the femoral 
arterial access so that endovascular repair of any delivery sheath 
complications can be accomplished. Venous access is obtained with 
a sheath large enough to accommodate a temporary pacemaker 
wire. If desired, a second venous access can be used for a pulmonary 
artery (Swan–Ganz) catheter, although this is usually performed 
from the neck if necessary.

Once the appropriate arterial and venous access has been 
obtained, the next step is preclosure of the TAVR sheath site. This is 
accomplished by sequentially deploying two Perclose ProGlide® 
(Abbott Vascular, Minneapolis, MN, USA) suture‐mediated closure 
systems at the 10 and 2‐o’clock positions. This stepwise process 
requires the replacement of the wire to hold arterial position during 
each sheath and Perclose exchange. The Perclose strings are then 
pulled gently away and secured with a clamp on the adjacent drape, 
taking care not to lock the knot. The ProStar XL (Abbott Vascular) 
system can also be used for preclosure of the arteriotomy, although 
this has become less common. The use of preclosure devices has 

reduced the need for surgical cutdown and primary repair in the 
vast majority of cases [29,30]. Surgical cutdown can still be consid
ered in cases of extreme calcification around the puncture site or 
the presence of aorto‐femoral grafting, and when necessary, an axil
lary or femoral graft can be utilized.

Next, a temporary pacemaker wire is placed into the right ventri
cle (RV) apex and appropriate capture is tested at a rate of 180–220 
beats per minute. When the risk for permanent pacemaker is high, 
a screw‐in lead from the internal jugular vein may be preferred. The 
high incidence of conduction system abnormalities after CoreValve 
placement must be considered, and at our institution it is routine 
to place an active fixation temporary pacemaker wire that is left in 
place for 72 hours after the procedure. In cases where the patient 
has a pre‐existing permanent pacemaker, a passive fixation wire can 
be used peri‐procedurally for more modest RV pacing (rate in the 
100–120 range) if necessary to assist with CoreValve deployment or 
for rapid RV pacing if valve post‐dilation is necessary.

Intravenous heparin is then administered to achieve a therapeu
tic activated clotting time (ACT) >300 seconds, and the TAVR 
sheath is carefully upsized over a stiff wire (e.g., Lunderquist). 
A 5–6 Fr angled pigtail catheter is advanced to the non‐coronary 
cusp, and the fluoroscopic projection demonstrating the perpen
dicular annular plane is established, and all three inferior margins 
precisely superimposed [31]. The valve is then crossed utilizing a 
5‐Fr Amplatz left‐1 (AL‐1) diagnostic catheter and a 0.035‐inch 
straight‐tip guidewire. Care should be taken not to cross through 
the mitral subvalvular apparatus. After advancing the AL‐1 into the 
LV, it is exchanged for a pigtail catheter to record simultaneous 
pressure measurements across the aortic valve. Next, an Amplatz 
Extra‐stiff 0.035‐inch guidewire is shaped with a large curve at the 
distal end, and the belly of the curve is placed carefully into the apex 
of the LV. When placing a CoreValve, an Amplatz Super Stiff ™ 
guidewire is utilized (rather than the Extra‐Stiff) to obtain additional 
support for stabilizing the position of the delivery system. However, 

(a) (b) (c)
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Figure 59.2 Technique for confirming correct femoral arteriotomy site by fluoroscopy. In this example, the femoral artery bifurcation is much 
higher than usual, above the mid‐femoral head. The initial arteriotomy was found to be incorrectly placed in the superficial femoral artery (a). 
The micropuncture sheath was therefore removed and access re‐attempted under fluoroscopy with image overlay (b). Correct placement is 
achieved and confirmed to be located above the bifurcation and below the inferior epigastric artery (c).
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it is felt that the Super Stiff guidewire can bias the delivery system of 
the SAPIEN devices too far to the posterior aortic wall or hold back 
the prosthetic valve leaflet after deployment (causing valvular aortic 
regurgitation).

BAV is often performed at this point with the intent of prepar
ing the native valve to accommodate the prosthesis. As device 
technology has progressed, however, BAV has been utilized with 
decreasing frequency in balloon expandable TAVR, and is not 
commonly used with self‐expandable valves. Finally, the pros
thetic valve is loaded onto the delivery device, and advanced into 
the aortic position, coaxial to the annulus. The device should be 
positioned at the appropriate height, taking the annular anatomy 
and position of the coronary ostia into account. Both root angiog
raphy and TEE (when utilized) can be used to position the valve. 
The balloon‐expandable valves are typically positioned with the 
lower third of the device in the annulus and the remainder of 
the device above the valve level. The technique for positioning of 
the CoreValve involves placing the device slightly lower in the left 
ventricular outflow tract (LVOT) and then withdrawing the device 
to the desired height.

When ready to implant the balloon expandable valve, respira
tions are held, rapid pacing from the temporary pacemaker wire is 
initiated, and the valve is deployed under fluoroscopy 
(Figure 59.3a, b). It is important to deflate the balloon completely 
prior to the cessation of RV pacing so the valve does not become 
dislodged as the balloon is ejected. Comparatively, the self‐
expandable valve does not require rapid pacing, but often a rate of 
100–110 bpm is used to decrease the cardiac output modestly. The 
valve is then unsheathed starting with the LVOT portion, with
drawn to the desired height in the annulus, and fully deployed 
(Figure 59.3c–f). The position and function of all valves should 
then be evaluated angiographically, echocardiographically, and 
hemodynamically. If the valve is positioned too high or too low, a 
second valve can be considered if needed. Post‐dilatation of an 
underexpanded valve can be done when there is significant peri‐
valvular regurgitation, or a second valve can be deployed within 
the first. While the balloon‐expandable SAPIEN valves cannot be 
moved once deployed, the CoreValve can be partially deployed 
and pulled back slightly if needed. This is because of the unsheath
ing mechanism involved in deploying the CoreValve, but once 
partially unsheathed, the device cannot be resheathed to be recov
ered. Some newer generation devices including the Boston 
Scientific Lotus and the Direct Flow Medical valve have the 
advantage of being fully retrievable. The Medtronic Evolut R sys
tem, an iteration of the CoreValve, is retrievable when it is par
tially, but not fully, deployed.

When the procedure is considered complete, the access sheath is 
removed, and the pre‐closure devices secured. It is important to 
maintain wire position during closure in the event that one of the 
sutures fails. Also, proximal balloon occlusion of the iliac artery via 
the contralateral arterial access can assist in preventing blood loss 
during sheath removal and suture securement. A final angiographic 
picture through the contralateral arterial access can confirm the 
absence of occult bleeding or other vascular complications prior to 
removal of the smaller arterial sheath.

Valve designs that have the CE mark for use in Europe, and are 
under investigation but not currently approved for use by the US 
FDA, include the self‐expandable Portico valve (St. Jude Medical, 
St. Paul, Minnesota, MN, USA), and the uniquely designed Lotus 
Valve (Boston Scientific) and Direct Flow Valve (Direct Flow 
Medical, Santa Rosa, CA, USA).

Complications of TF‐TAVR
There are a number of peri‐procedural and post‐procedural com
plications that must be considered in patients undergoing TAVR. 
The Valve Academic Research Consortium (VARC‐2) has outlined 
criteria to standardize the definitions for these complications in 
clinical practice and in the setting of outcomes adjudication for 
clinical trials [13]. Procedural complications have become less com
mon in more contemporary series, likely because of a combination 
of device improvements and operator experience. Complications 
lead to significant morbidity, mortality, and account for approxi
mately 25% on non‐implant‐related hospital costs associated with 
TAVR [32]. Complications that are particularly important to con
sider in patients undergoing TAVR include vascular and access site 
complications, bleeding, stroke, conduction system disease, cardiac 
tamponade, annular rupture, peri‐valvular aortic regurgitation, and 
device malpositioning or embolization (Table 59.2).

The most common complications of TF‐TAVR relate to issues 
with the vascular access site. Vascular complications can be as 
 simple as VARC‐2 minor bleeding, but given the relatively large 
sheaths that are required, more serious complications such as 
 rupture, dissection, or occlusion sometimes occur. Major vascular 
complications have been reported in up to 16% of patients under
going TF‐TAVR, but appear to be significantly declining, occur
ring in only 8% of the non‐randomized continued access registry 
patients in the PARTNER trial, and <6% of TF patients in the 
PARTNER II trial using the S3 valve [33,34]. Vascular complica
tions are more common in patients with calcific, small caliber, or 
tortuous arteries. When severe bleeding is identified, an endovas
cular balloon can be inflated to achieve temporary hemostasis, or 
a  covered stent placed. Minor bleeding at the arteriotomy or 
 venipuncture site can usually be controlled by applying external 
pressure. In cases where there is ongoing bleeding after the pre
closure sutures are tightened, another Perclose or an Angio‐Seal 
device (St. Jude Medical) can be advanced over the wire and subse
quently deployed to help close the residual hole.

Late bleeding complications can also occur after TAVR, which 
was seen with an incidence of 5.9% and at a median of 132 days in 
the PARTNER cohort/registries [35]. The cause of late bleeding was 
most commonly found to be gastrointestinal complications (40.8%), 
neurologic complications (15.5%), or traumatic falls (7.8%), and 
were more common in patients with low baseline hemoglobin, 
atrial fibrillation or flutter, moderate or severe paravalvular leak, or 
larger LV mass. Bleeding has been defined in the VARC‐2 docu
ment as either minor, major (associated with a drop in hemoglobin 
≥3 g/dL or requiring ≥2 units of whole blood/RBC transfusion), or 
life‐threatening (drop in hemoglobin >5 g/dL or >4 units transfu
sion, involving a critical organ, leading to shock requiring surgery 
or vasopressors, or fatal) [13].

Stroke is an uncommon but dreaded complication of any cardi
ovascular procedure. While the initial results of the PARTNER 1A 
and 1B randomized cohorts raised concern for an elevated risk of 
stroke with TAVR compared with SAVR or medical therapy, more 
recent studies have shown significant improvements, and no 
 elevated risk with TAVR compared with surgery [7,10]. Most 
 neurologic events associated with TAVR are felt to be embolic in 
nature, and the 30‐day incidence of clinical stroke or TIA in a large 
meta‐analysis of 10,037 TAVR patients was 3.3 ± 1.8% [36]. Studies 
utilizing diffusion weighted MRI, however, have shown a high 
incidence of subclinical events in both TAVR and SAVR patients, 
so there has been considerable focus on finding strategies to pro
tect the cerebral vasculature [37]. Much of this focus has been 
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Figure 59.3 Positioning and deployment of the SAPIEN XT (a, b) and CoreValve (c–f) TAVR devices.
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turned to the study of embolic protection devices, of which there 
have been several systems under investigation including the Claret 
Sentinel Cerebral Protection System, and the Triguard Cerebral 
Protection Device (Figure 59.4). Further studies are also underway 
to evaluate the optimal anticoagulant strategies for TAVR. Current 
guidelines support the use of procedural heparin, then aspirin 
(50–100 mg/day) plus clopidogrel (75 mg/day) for 3 months after 

TAVR followed by aspirin monotherapy (Grade 2C) [13,38]. 
Ongoing trials are studying the use of bivalirudin compared with 
unfractionated heparin, the use of the vitamin K antagonist aceno
coumarol after TAVR, and the use of dual antiplatelet therapy 
 versus aspirin alone.

Conduction system disturbances can also occur after TAVR, 
sometimes resulting in the need for permanent pacemaker 

Table 59.2 Complications of transcatheter aortic valve replacement (TAVR).

Complication Risk factors Ways to mitigate/resolve

Vascular 
complications

Small femoral artery luminal diameter
Calcified arteries, especially circumferential

Careful pre‐procedural planning and evaluation of 
arterial access
Confirm correct femoral artery placement (above 
bifurcation, below inferior epigastric) prior to large 
sheath dilatation
Pre‐closure of the arteriotomy site
Iliac angiography at conclusion of the case
Prompt endovascular or surgical repair of vascular injuries

Stroke Older age, female, prior cerebrovascular or 
peripheral vascular disease, diabetes, 
hypertension, prior cardiac surgery
Need for balloon post‐dilatation
No clear differences in TAVR route or device 
design
Post‐TAVR atrial fibrillation

Appropriate heparinization during procedure
Appropriate pharmacologic treatment post‐procedure
Anticoagulation when needed for atrial fibrillation
Minimize unnecessary manipulations of the device in the 
aortic root
Cerebral embolic protection devices (under investigation)
Alternative antiplatelet and anticoagulant regimens 
(under investigation)

Conduction system 
disease

Pre‐existing conduction system disease
Pre‐existing right bundle branch block
Valve oversizing
Low valve implantation
Self‐expandable devices
Calcified annulus

Consider active fixation, temporary pacemaker for high‐
risk cases and for self‐expandable devices
Carefully monitor patients post‐procedure for conduction 
system disease
Permanent pacemaker implantation when indicated
Limit device oversizing (must be weighed against risk of 
paravalvular regurgitation)

Cardiac tamponade Temporary pacemaker perforation
Guidewire perforation
Annular rupture during BAV or valve 
deployment (more common in oversized 
valves, calcified annulus, with post‐dilatation, 
and with balloon‐expandable valves)

Careful wire management
Limit device oversizing (must be weighed against risk of 
paravalvular regurgitation)
Prompt diagnosis and management in the setting of 
hemodynamic instability
Consider self‐expanding device (less risk of annular 
rupture) for severely calcified annulus

Aortic regurgitation Asymmetric, calcified annulus
Device undersizing

Annular sizing and valve measurement by multidetector 
CT, cardiac MRI, or 3D transesophageal echocardiogram 
rather than single dimension sizing by 2D transthoracic 
echocardiogram
Post‐dilatation or placement of a second valve (must be 
weighed against risk of stroke or annular rupture)
Central regurgitation requires placement of a second 
valve if not resolving

Valve malpositioning 
or embolization

Deployment of the valve too high or too low
Valve undersizing

Careful pre‐procedural evaluation including annular size, 
and distance from annulus to coronary ostia
Prompt intervention for coronary artery ostial occlusion 
with PCI or CABG

BAV, balloon aortic valvuloplasty; CABG, coronary artery bypass grafting; CT, computed tomography; MRI, magnetic resonance imaging; PCI, percutaneous coronary 
intervention.
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 implantation (PPI). The mechanism for conduction abnormalities 
is thought to be mechanical compression of the conductive tissues, 
and the left bundle is particularly vulnerable. Thus, pre‐existing 
RBBB is significantly associated with the need for PPI after TAVR, 
as is lower implantation of the prosthesis in the LVOT, calcified 
annulus, or a significantly oversized prosthesis [39,40]. Perhaps 
the strongest association with the need for post‐TAVR PPI is 
the use of a self‐expanding prosthesis. In the GARY registry, there 
was a significantly higher incidence of PPI with the Medtronic 
CoreValve (25.2%) than the Edwards SAPIEN device (5.0%). At 
our institution, we maintain an active fixation temporary pace
maker for 72 hours after CoreValve placement for this reason. 
When needed, pacemaker implantation has no adverse associa
tions with short or long‐term outcomes in TAVR patients, and is 
protective against unexpected death [41].

Cardiac tamponade is a rare complication of TF‐TAVR. This can 
occur because of RV perforation from a temporary pacemaker wire, LV 
perforation from guidewires used to cross the aortic valve or support 
the TAVR device, or from annular rupture. Annular rupture is rare, but 
has been reported in 1% of TAVR procedures, and contained asymp
tomatic rupture may occur more frequently without detection [42]. 
Rupture can occur at the supra‐annular, intra‐annular, or sub‐annular 
level, and sometimes involves multiple levels of the annulus and aortic 
root. Injury can occur during balloon pre‐dilatation of the aortic valve, 
prosthetic valve deployment, or post‐dilatation to reduce paravalvular 
leak. Annular rupture is not typically observed in self‐expanding valves, 
unless post‐dilatation is required. Rupture occurs more frequently 
when the valve is oversized ≥20% and when the LVOT is calcified and 
subsequently less compliant [43]. Rupture often leads to immediate 
hemodynamic instability from tamponade, but presentation can some
times be delayed or even occult in a contained rupture or hematoma. 
Generally, the presence of a hemopericardium should lead to suspicion 
for annular rupture, which can be confirmed by echocardiography or 
aortic root angiography. Treatment of less severe situations involve 
pericardial drainage and careful observation, but many cases will 
require emergency cardiopulmonary bypass and surgical correction. 
The mortality in patients who undergo open heart surgery because of 
annular rupture is very high at approximately 50%, and the outcome in 
patients who are observed more conservatively is not known [42].

Paravalvular aortic regurgitation after TAVR has also been exten
sively studied. There is a higher incidence of aortic regurgitation 
after TAVR than surgical AVR, which is not surprising considering 
that the prosthesis must be expanded to fit in an asymmetric annu
lus which is often heavily calcified. Several studies have shown an 
increase in mortality among patients with moderate or severe aortic 
regurgitation after TAVR, and even mild aortic regurgitation can be 
associated with worse outcomes [44,45]. When significant aortic 
regurgitation is identified at the time of TAVR, additional balloon 
inflation of the valve can be attempted to reduce paravalvular leak, 
although this can predispose to an increase in central regurgitation 
if the valve is over‐distended. In some cases, a second valve is placed 
inside the first valve in attempts to reduce the severity of regurgita
tion. Unfortunately, both of these techniques are associated with 
a  small, but not insignificant, increase in the risk of further 
embolic  stroke, or injury to the annulus or conduction system. 
Fortunately, however, newer TAVR device designs have been spe
cifically designed to reduce the incidence of paravalvular regurgita
tion. For example, the direct‐flow valve is designed with two 
inflatable cuffs on the superior and inferior aspect of the valve appa
ratus that attempt to create a tighter seal between valve and annulus. 
Similarly, the Edwards S3 valve is designed with a skirt on the outer 
aspect of the inferior portion of the prosthesis. It is to be hoped that, 
with these and other technologic advances, there will be a signifi
cant reduction in aortic regurgitation after TAVR in the future. It 
remains to be seen whether these reductions in aortic regurgitation 
will correlate with similar improvements in clinical outcomes.

Conclusions
TAVR is an exciting therapy for patients with severe, symptomatic 
aortic stenosis who are at elevated risk for surgery, and the technol
ogy continues to evolve to include new valve designs, vascular 
access strategies, lower profile devices, and adjunctive methods to 
reduce the risk of procedural complications. It is to be hoped that, 
with these efforts, cardiologists and cardiac surgeons will be 
increasingly empowered to offer the best possible strategy for aortic 
valve therapy to each individual patient, as the burden of calcific 
aortic stenosis continues to grow among our aging population.

(a) (b)

Figure 59.4 Embolic protection devices used in transfemoral TAVR. Embolic protection devices that are under investigation for use during 
transfemoral TAVR. (a) The Claret Sentinel® Cerebral Protection System. (b) The Triguard Cerebral Protection Device. Sources: (a) Courtesy of 
Claret Medical®, Santa Rosa, CA, USA; (b) Courtesy of Keystone heart, Herzliya Pituach, Israel.
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Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Case study

The patient is an 85‐year‐old male who is referred for evaluation 
of severe aortic stenosis. He has a past medical history of hyper
tension, coronary artery disease with three‐vessel bypass surgery 
10 years ago, chronic kidney disease with a baseline creatinine of 
2.2 g/dL (GFR 26 mL/min/1.73 m2), mild COPD due to a remote 
history of smoking, and insulindependent diabetes mellitus. 
He has progressive dyspnea on exertion with New York Heart 
Association Class III symptoms. One year ago he was able to 
walk 2 miles at a slow pace approximately three times per week, 
but currently he is unable to walk for more than 10 minutes with
out having to stop to catch his breath. He also notes difficulty 
with breathing while sleeping at night and requires three pillows to 
prop up his head. He denies chest pain either at rest or on exertion.

The physical examination is notable for an elderly‐appearing 
man who is well developed and with no labored breathing at 
rest. There is no distention of the jugular veins and no carotid 
bruits. The lungs are clear to auscultation bilaterally except for 
faint bibasilar crackles on inspiration. The heart sounds are reg
ular with a III/VI systolic murmur that is late peaking. The 
abdomen is soft and non‐tender without organomegaly. The 
extremities are notable for 2/2 bilateral radial and pedal pulses 
without pitting edema.

A transthoracic echocardiogram is obtained and reveals nor
mal left ventricular size with a mildly reduced left ventricular 

ejection fraction of 45%, mild mitral and tricuspid regurgita
tion, and severe aortic stenosis with a peak/mean gradient of 
76/46 mmHg, and calculated aortic valve area of 0.76 cm2.

The patient undergoes a left heart catheterization showing 
severe, native coronary artery disease, but patent bypass grafts to 
the left anterior descending, first obtuse marginal, and posterior 
descending arteries. Due to his baseline renal dysfunction, a 
 cardiac MRI is carried out to evaluate annular size, and found to 
be 24 mm in average diameter. A CT scan with direct arterial 
contrast injection via a pigtail catheter is completed and the 
minimal luminal diameter of the left iliofemoral system is 6 mm 
and the right iliofemoral system is 9 mm with mild bilateral 
calcification.

The patient is evaluated by the heart team including a cardiac 
surgeon and an interventional cardiologist and it is determined 
that he is at high risk for re‐do open heart surgery for aortic valve 
replacement with a calculated STS score of 9.4% for risk of mor
tality. It is determined that the patient is an appropriate  candidate 
for transfemoral TAVR, and the patient undergoes implantation 
of a commercially available, 26 mm Edwards SAPIEN XT valve 
via the right femoral artery. After the  procedure, the patient 
has  no apparent complications, begins ambulating slowly on 
post‐procedure day 1, and is discharged from the hospital on 
post‐TAVR day 3.
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Since the feasibility demonstrated by Cribier et al [1,2], transcathe-
ter aortic valve implantation (TAVI) has become an established 
treatment in patients with calcified aortic stenosis who are inoper-
able or at high risk for conventional aortic valve replacement [3]. 
Multiple transcatheter heart valve (THV) types are now available 
for implantation either commercially or as a part of a trial [4–7]. 
The first two THVs to be commercially available, the Edwards 
SAPIEN THV valve (Edwards Lifesciences, Irvine, CA, USA) and 
the CoreValve ReValving System (Medtronic, Minneapolis, MN, 
USA), were initially implanted via either transfemoral (TF) or 
transapical (TA) routes [6,8,9]. This was because of the nature of the 
device design and the dedicated delivery systems. Subsequently, 
with the focus on minimizing patient morbidity and mortality, 
alternative access routes were developed: subclavian (TS) and 
transaortic (TAo). These two approaches have been shown to lower 
morbidity and mortality associated with a TA approach [10–14]. 
Further, they were also useful when the THV could only be deliv-
ered in a retrograde manner, for example the CoreValve. An impor-
tant observation in earlier studies and ongoing registries is the high 
incidence of access site complications which directly impact on 
mortality, and 1 year survival [5,7]. This highlights the critical 
importance of access site choice in order to reduce morbidity and 
mortality, particularly as we move into treating medium and lower 
risk patients. This chapter describes the indications, patient selec-
tion, and planning for the TAo approach, and specific technical 
approaches and tips and tricks for some of the commercially avail-
able valve technologies, which are important in ensuring optimal 
outcomes.

Indications for transaortic access
During the inception of TAVI and its subsequent development, 
TF and TA approaches were the only available access routes, with 
TF as the default and TA if this was not possible. TAo was first 
performed several years later [11,15]. Excellent outcomes were 
demonstrated in extremely high‐risk patients unsuitable for TF or 
TA—those with poor respiratory function, poor ventricular 
 function, and frail patients [16,17]—with the relative ease of the 
procedure leading to increased utilization of the TAo approach. 
This trend was seen even prior to dedicated purpose‐made 

delivery systems. When these became available with subsequent 
CE mark for the CoreValve and SAPIEN systems, making the pro-
cedure even more straightforward, it became the preferred route 
over TA in many centers. It was also preferred over TF in patients 
with mobile atheroma or large atherosclerotic burden in the aortic 
arch when operators wanted to avoid instrumentation in these 
areas with its risk of embolization.

Patient selection
Appropriateness for TAVI should be discussed by a “heart team,” 
and where patients are deemed suitable, a discussion of the optimal 
strategy and approach should also constitute an integral part of 
the discussion. When considering suitability for TAo the key con-
sideration is the landing zone which is the area on the ascending 
aorta where the purse‐strings are placed to perform a TAVI. This 
area should be free of calcium, should allow perpendicular place-
ment of the TAVI device within the aortic annulus, and should be a 
minimum distance away from the annulus to allow complete 
deployment of the TAVI device [16]. In re‐operations, a computed 
tomography (CT) scan and angiography should be used to deter-
mine suitability, which includes proximity to the innominate vein 
and/or aorta to the sternum. In cases of prior coronary artery 
bypass graft (CABG), it is important to assess the position of patent 
grafts, particularly the left internal mammary artery (LIMA). If the 
LIMA does lie in the midline, or when the right internal mammary 
artery crosses the midline, there is a danger of injuring these grafts 
if a mini‐sternotomy is performed. In this situation, TAo should be 
performed via a right anterior thoracotomy.

TAo TAVI approaches
Exposure of the ascending aorta can be carried out either through a 
mini‐sternotomy or through a right anterior thoracotomy. Hybrid 
procedures can be carried out via a full sternotomy:
• Mini‐sternotomy involves a J‐upper sternotomy through the 

 second or third right intercostal space or a T‐sternotomy through 
the second intercostal space (Figure 60.1a, b). This has the advan-
tages over a right anterior thoracotomy of familiarity for surgeons 
and the ability to keep the pleural space intact.
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• Right anterior thoracotomy is usually performed through the right 
second intercostal space, although the first right intercostal space 
is also an option (Figure 60.1c, d). This is not a bone‐cutting 
incision and therefore has its benefits, particularly if the patient 
has undergone a previous sternotomy. In general, patients toler-
ate this better than a rib‐spreading incision in terms of overall 
recovery.
Although technical considerations, particularly anatomy of 

bypass grafts, should dictate the choice of TAo approach, in the 
absence of contraindications this should be based on which is likely 
to be technically easier: a right anterior thoracotomy is easier if the 
aorta is to the right side and not very far from the rib cage, and a 
mini‐sternotomy is easier if the aorta is in the midline or deeper. 
These can be assessed with CT. In general, patients with poor lung 
function do better with a mini‐sternotomy as the pleura are 
kept  intact. In patients with chest wall deformities, the choice is 

governed by the position of the aorta. If a mini‐sternotomy is not 
feasible and a right anterior thoracotomy is potentially technically 
difficult, an approach where that might help is by inserting a double 
lumen endotracheal tube to collapse the right lung for a short 
 duration, which allows easier access to the aorta by shifting the 
mediastinum to the right.

Procedural considerations
General considerations for all devices
The surgical techniques and details of the procedure have been well 
described in previous publications [16,18]. The setup of the operat-
ing space should be either a mirror image of the TA procedure or a 
TF procedure through the aorta, which makes it easier to adapt from 
the routine setup. A dedicated room setup is essential for the success 
of the procedure. If there is doubt in terms of access, use a 

(a)

1

1

2
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(b)

(c) (d)

Figure 60.1 Sternotomy and thoracotomy site and operative view. (a) Exposure is obtained via a mini‐sternotomy through a second or third 
right intercostal space. The dotted line shows the access schematic. (b) Operative exposure with metal marker at the site of purse‐string. 
(c) Exposure is obtained via a right anterior mini‐thoracotomy in second intercostal space. The dotted line shows the access schematic. 
(d) Operative exposure of ascending aorta through right thoracotomy.
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mini‐ sternotomy, as this gives the operator more control. Re‐confir-
mation of the site of the purse‐string should be made by fluoroscopy 
before they are placed to evaluate distance from aortic annulus and 
implant trajectory (Figure 60.2). A suture ring or bumper should be 
used to stabilize the sheath. A Seldinger technique should be used to 
cannulate the aorta. If the aorta is thin, a small knife can be preferred 
to insert the sheath. The wire position should be similar to that for 
the TF approach, with a large loop in the left ventricle free of kinks 
with the tip free to avoid trauma.

The TAo approach is now a well‐established approach and can 
essentially be used for any TAVI device that can be implanted through 
a TF approach. A large body of experience exists in the TAo approach 
for SAPIEN and CoreValve, and there is emerging experience for 
other devices including the Engager (Medtronic, Minneapolis, MN, 
USA), Lotus (Boston Scientific, Natick, MA, USA), and Direct Flow 
(Direct Flow Medical Inc., Santa Rosa, CA, USA).

edwards SAPIeN XT and SAPIeN 3
Several groups have reported on their experience with implanting the 
SAPIEN XT and more recently SAPIEN 3 (Edwards LifeSciences) 
via a TAo approach. The largest XT series comprised 83 patients 
with unfavorable peripheral access by Hayashida et al. [19]. All pro-
cedures were performed with the Ascendra 2 or older generations 
of the Ascendra system (Edwards LifeSciences), which did not have 
a nose cone. Device success rate was 92.6%, paravalvular leak ≥2/4 
was seen in 7.4%, conversion to open chest surgery was required in 
5.3% (three aortic dissections, one valve migration, and one left 
main stem occlusion), and 30‐day mortality was 7.4%. Lardizabal 
et al. [20] published a single‐center series of 44 patients who under-
went SAPIEN TAVI via TAo, and compared them with a non‐ 
randomized cohort who underwent TA from the same institution. 
Results showed equivalent 30‐day combined safety endpoints, 
but  significantly lower rate of major bleeding and vascular 

complications, as well as intensive care stay in the TAo group. 
Published literature on the SAPIEN 3 is limited but a small number 
of procedures were performed in the initial CE mark study [21].

CoreValve
Following the first clinical procedure this approach was developed 
at the Niguarda Ca’ Granda hospital in Milan [11,12,18]. Since then 
multiple single center and multicenter experiences have been 
reported [22]. The largest series of CoreValve direct aortic implan-
tation was presented by Bruschi et al. at the 46th annual ANMCO 
meeting [23]. The EURyDICE Registry: EURopean DIrect Aortic 
Corevalve Experience, is a multicenter experience that comprises 
patients treated in 20 centers in nine countries in Europe and in 
Israel, between June 2008 and January 2014. A total of 519 cases 
have been collected. Mean age of the population was 81.3 ± 6.3 years, 
48% were female, mean logistic EuroSCORE was 25.8 ± 15.8; 429 
patients were in New York Heart Association (NYHA) Class ≥ III 
(83%). Peripheral vasculopathy was the principal exclusion criterion 
from transfemoral TAVI and was present in 330 patients (64%); 306 
patients had coronary artery disease (59%) and 109 patients had 
undergone previous coronary artery bypass surgery. TAVI proce-
dure was performed in 224 of cases (43%) through a right anterior 
mini‐thoracotomy in the second intercostal space or via an upper 
hemi‐sternotomy in the other 295 patients. A size 29 mm 
CoreValve was implanted in 228 patients (44%). Procedural success 
was achieved in 509 patients (98%). Four patients required a second 
valve implanted and two patients had more than moderate para‐
valvular regurgitation; 30‐day mortality was 8%. Seven patients 
experienced stroke (1.4%) and 72 patients (14%) required a new 
permanent pacemaker; 93% of patients had aortic regurgitation 
<2+/4+. Median postoperative hospitalization was 9 days. Low 
access site complications and low stroke rate were two obvious 
highlights of these data.

(a) (b)

Figure 60.2 Site of aortic access and purse‐string position. (a) The TAo zone or the ideal site for purse‐string is evaluated on multislice 
computed tomography; this varies slightly depending on the valve and delivery system. (b) Aortogram identifying the valve deployment view 
as well as confirm the distance between the aortic annulus and site of purse‐string (at least 6 cm) and evaluate implant trajectory.
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engager
The EngagerTM aortic valve bioprosthesis (Medtronic, Inc., 
Minneapolis, MN, USA) consists of bovine pericardium mounted 
in a self‐expanding nitinol frame. The stents consist of a main frame 
and a support frame. The control arms of the support frame are 
designed to be placed into the sinus of the aortic root and capture 
the native leaflets to aim to achieve an anatomically correct position 
in a defined height of implantation to minimize the risk of coronary 
obstruction, with a valve design that is also intended to minimize 
paravalvular regurgitation. The prosthesis is available in two sizes 
(23 and 26 mm) covering annulus diameters of 21–27 mm. The 
delivery system is 29 Fr with a 32 Fr crossing profile.

The Engager bioprosthesis has been evaluated in first‐in‐man, 
feasibility studies, as well as a European pivotal trial [24–26]. All of 
the published literature has been for the TA access, but Bapat et al. 
(personal communication) have successfully implanted this device 
TAo, with excellent procedural and short- to medium-term out-
comes. This demonstrates that the TAo procedure remains robust 
despite larger sheath sizes.

Direct Flow
The Direct Flow Medical TAVI (Direct Flow Medical Inc., Santa 
Rosa, CA, USA) is the first aortic transcatheter valve device that is 
not based on a metallic frame technology. The Direct Flow is a 
bovine pericardial valve with an expandable Dacron polyester 
 double ring design containing non‐compliant angioplasty balloon 
technology. The upper (aortic) and lower (ventricular) ring 
 balloons, interconnected by a tubular bridging system, can be  
 pressurized independently through position‐fill lumens. This 
inflatable and deflatable support structure allows precise position-
ing, retrieval, and assessment of valve performance before final 
fixation with a durable polymer. An 18‐Fr sheath is used for  all 
valve sizes. Early clinical results have shown excellent short‐term 
results with 99% freedom from all‐cause mortality at 30 days in the 
Prospective Multicenter Evaluation Direct Flow Study [27].

The first instance of Direct Flow TAVI made through a right 
anterior mini‐thoracotomy was reported by Bruschi et al. [28], in a 
78‐year‐old patient affected by severe aortic stenosis and severe 
peripheral vasculopathy, who had previously undergone CABG 
with bilateral mammary artery grafts. The standard technique to 
implant the device by “inner curve technique” was modified to treat 
this patient, where pulling on the portion directed to the outer side 
of the aorta was done before realigning the device at the annulus 
“outer curve technique.” The conclusions to be drawn from this are 
that with Direct Flow it is possible to perform a direct aortic 
approach even if the distance between the entry site and aortic 
annulus is <5 cm, (i.e., due to right mammary course), and that the 
angle between the sheath and ascending aorta is not a problem with 
Direct Flow. So, differently from other TAVI devices, it should be 
possible to choose any entry site on the ascending aorta, because 
coaxial alignment of the device is independent from entry site and 
perfect Direct Flow implantation is obtained by pulling on the three 
positioning wires.

Lotus
Lotus Valve (Boston Scientific) is a second‐generation transcatheter 
heart valve device with two unique features: it is repositionable and 
retrievable, and it has an adaptive seal to reduce paravalvular leak. 

It is implanted using a dedicated TF delivery system, which has a 
“pre‐curve” to accommodate the curve of the aortic arch. Early 
clinical results have shown excellent short‐term results [29]. First‐
in‐man implantation of this device by TAo has been reported by 
Bapat et  al. [30]. The valve is delivered using a delivery system, 
which is introduced through a dedicated sheath (20 or 22 Fr outer 
diameter). As the pre‐curve in the delivery system, which was 
designed to facilitate a TF approach, cannot be overcome with any 
available sheath, it is important to choose an ideal site of the aortic 
puncture so as to achieve a coaxial placement of the Lotus valve. 
The site chosen should be at least 7 cm from the aortic annulus and 
on the anterior wall of the ascending aorta. For SAPIEN and 
CoreValve, the preferred site of the purse‐string would be a lateral 
portion of the aorta to get a coaxial alignment of the device to the 
annulus but for the Lotus, because of the pre‐curve, the purse‐string 
should be placed anterior or slightly to the left of the ascending 
aorta. Amongst the currently available sheaths, we found that the 
Ascendra sheath (Edwards Life Sciences) was optimal as it has 
internal (tip) and external distance markers and it is not hydro-
philic. A fluoroscopic marker at the tip for the delivery system is 
important as it allows the operator to visualize how far the tip is in 
the aorta and its relationship with the delivery system so as to allow 
complete expansion of the device and avoid pop‐out. This is par-
ticularly important for Lotus deployment as the sheath tends to 
move inwards in the first half of the deployment and outwards dur-
ing the latter.

TAo: comparison with other approaches
Across the world, the TA approach remains the default non‐TF 
approach, and the majority of data available are therefore for 
TA compared with TF. There are no randomized data comparing 
TA with TF, but virtually all studies report better outcomes in those 
undergoing TF, but this is largely because of the higher underlying 
risk and comorbidities of patients who undergo TA. However, there 
are identifiable features of the TA approach that increase risk:
1 Access site problems, including apical rupture and delayed pseudo-

aneurysm formation [31,32];
2 Interference with postoperative respiratory dynamics because of 

thoracotomy;
3 Effects of left ventricular function because of the disruption and 

suturing of the left ventricular apex [33].
A TAo approach can potentially overcome each of these issues. 
There is no surgical interference of cardiac structures— the ventric-
ular cavity–and mitral valve; it avoids the arch, which potentially 
reduces the risk of stroke. A mini‐sternotomy without accessing the 
pelural cavities provides the best non‐TF option in those with poor 
respiratory function. Indeed, its advantages over a full sternotomy 
are well described, including reduced postoperative FiO2 require-
ment, pain, and lengths of intensive care and hospital stay [34]. 
There are also technical aspects including improved tactile feedback 
because of the proximity to the aortic annulus as well as an ability to 
perform hybrid procedures.

Contraindications
The only contraindications for this approach are a complete porce-
lain aorta where there is presence of calcium in the TAo zone, 
although the advent of cardiac CT technology has shown that this is 
quite a rare occurrence, and when the ascending aorta is not acces-
sible as a result of anatomic deformity of the chest wall.
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rare types of access for high risk 
inoperable TAVI
As described earlier, TA access was part of the first large TAVI trial 
because of an anatomically intuitive direct cardiac exposure with a 
minimally extensive lateral thoracotomy [35–37]. However, it was 
realized that this approach and the patients selected for it had many 
inherent limitations: the severe calcification of the arterial system 
(“porcelain ascending aorta”) or otherwise extensive subocclusive 
disease of the aorta, the subclavian and the iliac arteries, frail status, 
severe kyphoscoliosis, possible injury to the coronaries during apex 
suturing, suboptimal apex hemostasis because of frail myocardium, 
stroke, and infection [9,31–33,37]. Notably, the valve delivery, posi-
tioning, and implantation was the least complicated part of this 
entire procedure. Although dedicated valve delivery equipment has 
been made available, most of these risks are related to unfavorable 
patient comorbidities; hence, this type of access was reserved only 
for patients completely unsuitable for any alternative. Research ini-
tiatives to develop minimally invasive or even percutaneous closure 
devices/techniques for the left ventricular apex have been incom-
plete thus far. Accordingly, TA access TAVI remains currently feasi-
ble but with an ever‐shrinking clinical application.

Another type of “heroic” TAVI access has been developed in 
response to the high complication rate of TA TAVI. Again, patients 
without any feasible aortic, subclavian, or iliofemoral access for 
TAVI are the target patient population. Transcaval abdominal aor-
tic access has been described [38] and can be performed after a 
careful anatomic plan has been developed based on the CT aortog-
raphy review [39]. Adequate access through either one of the ili-
ofemoral veins and the inferior vena cava is available for the TAVI 
delivery system. The “tricky” part in planning this procedure is to 
identify an area of the abdominal aorta appropriate to receive the 
large‐bore device at an area adjacent to the cava (because a trans‐
septal needle would be used to obtain wire access from the cava to 
the aorta) and away from important arterial branches in such a way 
that the aorto‐caval communication can be sealed with an intracar-
diac closure device before sheath retrieval following successful 
TAVI. However, there are still patients for whom this approach can-
not be performed as a result of “porcelain” abdominal aorta or other 
extreme anatomic unsuitability.

Such high risk patients can be approached with antegrade trans-
mitral access [40] provided that the angle of mitral and aortic annu-
lus is not extremely sharp and the left ventricular cavity is of 
sufficient size to allow passage of the bulky TAVI delivery system 
without myocardial rupture or ripping of the anterior mitral valve 
leaflet (both imminently fatal complications). Notably, this was the 
very first way TAVI was implanted but was quickly abandoned 
because of the frequency of these two major complications.

Interestingly, transcarotid TAVI delivery [41] has also been 
described in high risk TAVI candidates who are obviously inopera-
ble otherwise and have no other mode of access.

Conclusions
The TAo approach using the majority of the currently available 
TAVI devices is feasible and safe. It is less invasive than the TA 
approach, provides an access route that is considerably more famil-
iar to cardiac surgeons which improves the learning curve, and pro-
vides the option of performing hybrid procedures. Although 
randomized head‐to‐head comparisons with TA have not yet been 
published, the available data suggest more favorable outcomes for 
TAo. Dedicated delivery options for the newer devices should 

make what is already a very straightforward procedure even easier, 
resulting in shorter procedure times as well as improved outcomes.
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First performed in 2002 [1], transcatheter aortic valve replacement 
(TAVR) allows implantation of a prosthetic heart valve within the 
diseased native aortic valve without the need for open heart surgery 
and cardiopulmonary bypass, offering an established therapeutic 
option to elderly patients considered at high surgical risk or with 
contraindications to surgery. Despite the excellent outcomes 
observed with the balloon‐expandable devices SAPIEN™/SAPIEN 
XT™ (Edwards Lifesciences, Irvine, CA, USA) [2,3] and with the 
self‐expandable system Medtronic CoreValve® (Medtronic, 
Minneapolis, MN, USA) [4], the first devices approved globally, the 
occurrence of adverse events such as paravalvular regurgitation, 
valve malpositioning, vascular complications, and conduction dis-
orders need to be addressed in order to further improve the prog-
nosis of high risk patients with aortic stenosis and potentially 
expand the indications of TAVR to lower risk individuals.

Development of newly transcatheter aortic bioprosthesis is 
aimed to facilitate the procedure and underscores the need to: 
(i) reduce delivery catheter diameter, preventing vascular complica-
tions: (ii) to ensure accurate annular positioning, allowing the 
retrieval, recapture, and re‐implantation of the device in cases of 
prosthesis misplacement; and (iii) to incorporate innovative design 
features that reduce the occurrence of paravalvular leaks, conduc-
tion disturbances, and coronary occlusion. Currently, some differ-
ent percutaneous aortic valves—“second‐generation TAVR 
devices”—are commercially available in Europe and others are 
gaining early clinical evaluation [5,6]. In this chapter, the unique 
features and the initial clinical results of new aortic valve technolo-
gies are reviewed.

SAPIEN 3
The balloon‐expandable SAPIEN 3 transcatheter heart valve sys-
temTM (Edwards Lifesciences Inc.) has several new features intended 
to ensure a more precise implantation and to reduce the occurrence 
of paravalvular leak and vascular complications [5,6]. The SAPIEN 
3TM (S3) valve is composed of modified bovine pericardial tissue 
leaflets sutured in a cobalt‐chromium stent design, which permit-
ted a further downsizing in profile (Figure 61.1a). Like the SAPIEN 
XT™ (Edwards Lifesciences Inc.) device, the inflow of the S3 is 
 covered by an internal polyethylene terephthalate (PET) skirt; an 

additional outer PET sealing cuff was incorporated to prevent para-
valvular regurgitation. Four sizes are available (20, 23, 26, and 
29 mm), covering annulus sizes between 16 and 28 mm.

The new transfemoral delivery system is called CommanderTM 
(Figure 61.1b) and has a smaller profile (14 Fr) and a higher flexibil-
ity than the previous NovaFlexTM delivery catheter (Edwards 
Lifesciences Inc.). Therefore, navigation through tortuosities is 
facilitated and the S3 can be positioned more coaxial to the native 
valve in challenging anatomies, such as horizontal aorta. A comple-
mentary wheel has been added in the delivery handle, and the 
height of the implant can be adjusted precisely, providing accurate 
and more reproducible valve positioning and further preventing 
paravalvular leak, conduction disturbances, and permanent pace-
maker need. During balloon inflation, the stent frame of the 
crimped valve foreshortens predominantly from below, so this 
movement should be anticipated when positioning the device.

The S3 system is compatible with a 14 Fr expandable eSheathTM 
(Edwards Lifesciences Inc.), which transiently expands as the 
 prosthesis passes through the sheath. With the improved profile, the 
incidence of vascular and hemorrhagic complications is reduced, 
and a broader proportion of patients can be treated by transfemoral 
access (a minimum vessel diameter of 5.5 mm ileofemoral arteries is 
required). The profile of the transapical Edwards Certitude delivery 
systemTM (Edwards Lifesciences Inc.) has also been downsized to 
18 Fr (for S3 23–26 mm) and 21 Fr (S3 29 mm).

In the first‐in‐human experience with the SAPIEN 3TM, 15 patients 
with symptomatic, severe aortic stenosis were treated by transfemoral 
approach [7]. All the devices were successfully implanted, and the 
aortic valve area and the mean transaortic gradient improved 
from  0.7 ± 0.2 to 1.5 ± 0.2 cm2 (p <0.001) and from 42.2 ± 10.3 to 
11.9 ± 5.3 mmHg (p <0.001), respectively. None of the patients 
had  moderate or severe paravalvular aortic regurgitation. In the 
PARTNER II S3 trial, 1076 patients considered intermediate risk for 
surgical aortic valve replacement and 583 patients deemed high risk 
or inoperable were treated with the SAPIEN 3™ valve [8]. In the high 
risk cohort, the mortality rate at 30 days was 2.2% and the stroke 
occurred in 1.5% of patients; the rate of moderate–severe aortic 
regurgitation was 2.9%. For the intermediate risk patients, all‐cause 
mortality was 1.1%, and 2.6% had a stroke at 30 days; the rate of mod-
erate and severe paravalvular regurgitation was 4.2% in this cohort.
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CoreValve Evolut r
The major improvements of the new Medtronic CoreValve sys-
tem–CoreValve Evolut RTM (Medtronic, Minneapolis, MN, USA) 
were developed to provide stable and controlled deployment of 
the prosthesis at the desired level of the aortic annulus and to 
prevent paravalvular regurgitation, making the procedure more 
predictable [9]. The fully repositioning and recapture properties 
enables accurate positioning and minimizes the risks of paraval-
vular leakage, mitral anterior leaflet compromise, valve emboli-
zation, and conduction disturbances requiring permanent 
pacemaker. Although several other features of the previous 
CoreValveTM system (like the self‐expanding nitinol stent frame, 
the porcine leaflets, and the supra‐annular functioning of the 
valve leaflets) have been preserved, the distal inflow portion has 
been redesigned for an extended  pericardial skirt, further reduc-
ing the risk of paravalvular aortic regurgitation (Figure  61.2a). 
The outflow portion is 10 mm shorter than the previous version, 
aimed to optimize fit in angulated anatomy. The Evolut R TM is 
available in four sizes (23, 26, 29, and 31 mm), covering aortic 

annuli from 18 to 30 mm. The new delivery system (Enveo RTM) 
guarantees a rapid, precise interaction between deployment 
knob rotation and prosthesis unsheathing and resheathing 
(Figure 61.2b). It has a reinforced nitinol capsule for resheathing 
and an integrated sheath, mounted in the catheter and named 
InLine™. The InLine™ sheath has a 14 Fr profile (true outer 18 
Fr), which allows for a sheathless procedure, further reducing the 
rate of vascular complications.

Initial clinical outcomes for CoreValve Evolut R systemTM were 
reported in a first‐in‐man experience, multicenter study with 
60  patients [10]. Transfemoral access was possible in all but one 
patient (98.3%) and a correct valve position with one device in place 
was achieved in 98.3%. All resheathing and recapture attempts 
(22  in 15 patients) were performed safely and successfully. Post‐
dilatation was required in 21.7% of cases, and mean aortic gradient 
decreased from 49.1 mmHg at baseline to 8.1 mmHg post‐proce-
dure; moderate or severe aortic regurgitation were observed in 3.4% 
of patients at 30 days. No incidents of death or stroke were observed 
at 30 days, and the pacemaker rate was 11.7%.

Figure 61.1 (a) SAPIEN 3: composed of bovine pericardial tissue leaflets in a cobalt‐chromium stent design; the inflow has an outer sealing cuff 
to prevent paravalvular regurgitation. (b) CommanderTM delivery system: with small profile (14 Fr) and high flexibility, facilitates navigation 
through tortuosities and assures coaxiality to aortic annulus. Balloon‐expandable devices SAPIEN™/SAPIEN XT™. Reproduced with permission 
from Edwards Lifesciences, Irvine, CA, USA. 
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Figure 61.2 (a) CoreValveTM Evolut R: composed of self‐expanding nitinol stent frame, porcine leaflets and an extended pericardial 
skirt –  reducing the risk of paravalvular leaks. (b) InLine™ sheath: with a 14 Fr profile (true outer 18 Fr) allows for a sheathless procedure, 
reducing vascular complications. CoreValve® images used with permission by Medtronic © 2016.
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Lotus™ valve system
The LotusTM valve system (Boston Scientific, Natick, MA, USA) [11] 
is designed to ensure a precise positioning, minimizing paravalvu-
lar regurgitation. The valve is comprised of bovine pericardial leaf-
lets within a braided, single nitinol wire in a self‐expanding frame. 
A radio‐opaque marker is located centrally in the frame to aid in 
positioning. The valve frame is surrounded in its inflow (ventricu-
lar) portion by an outer sleeve membrane (Adaptative SealTM), 
which can potentially occupy remaining gaps between the valve 
and aortic annulus, thus preventing paravalvular aortic regurgita-
tion (Figure 61.3a). Inside its delivery catheter, the Lotus TM valve is 
stretched to 70 mm length, and shortens to approximately 19 mm 
after deployment. It is available in three sizes (23, 25, and 27 mm), 
which permits the treatment of patients with aortic annulus from 
19 to 27 mm. The valve is pre‐attached to the delivery system and 
is deployed in a controlled mechanical fashion, which enables 
proper leaflets function early in the expansion phase—mitigating 
hemodynamic instability during this part of the procedure—and 
allows for helpful evaluation of positioning and performance 
before final release (Figure 61.3b). In cases of significant paraval-
vular leakage, coronary compromised or severe conduction distur-
bances, the special property of resheathing the LotusTM valve 
permits repositioning and retrievable maneuvers. The delivery sys-
tem of the Lotus™ has a 18–20 French size, is pre‐curved, and cov-
ered with a hydrophilic coating, which ensures a better trackability 
in diseased and tortuous vessels and for adjustment to the angula-
tion of the aortic arch.

Successful implantation of the Lotus valve was first reported in 
Germany in 2007 [12]. After refinement of the initial design, the 
valve underwent clinical testing. In the REPRISE I trial and feasibil-
ity study to assess the acute safety and performance of the LotusTM 
valve, 11 high‐surgical risk patients with symptomatic, severe aortic 
stenosis were treated [13]. In all patients, the valve was  successfully 
deployed in the first attempt. Partial resheathing was required and 
successfully performed in four patients; none required full retrieval. 
A successful implantation without residual gradient and major 
adverse cardiovascular or cerebrovascular events was achieved in 
nine patients (82%), with no in‐hospital major adverse cardiac and 
coronary events (MACCE) in 10 patients. One patient suffered a 
major stroke and other patient had a mean gradient above 20 mmHg 
at discharge. The hemodynamic performance of the LotusTM 
valve  was sustained: mean aortic  gradient decreased from 
53.9 ± 20.9 mmHg at baseline to 15.4 ± 4.6 mmHg (p <0.001) at 1 
year and valve area increased from 0.7 ± 0.2 to 1.5 ± 0.2 cm2 
(p <0.001). After adjudication by an independent core laboratory, 
paravalvular aortic regurgitation was mild (n = 2), trivial (n = 1), or 
absent (n = 8) as assessed by echocardiography. Four patients 
(36.3%) required a permanent pacemaker post‐procedure.

In the prospective, single‐arm, multicenter REPRISE II trial, 
120 patients considered to be at high surgical risk by a heart team 
were selected [14]. The valve was successfully implanted using 
transfemoral access in all patients; complications such as valve 
embolization, ectopic valve deployment, or additional valve 
implantation were not observed. All required attempts of reposi-
tioning (n = 26) and retrieval (n = 6) the valve were successful; 
34 patients (28.6%) received a permanent pacemaker. The  primary 
device performance endpoint (30‐day mean pressure gradient by 
echocardiography) was met, and the mean gradient improved 
from 46.4 ± 15.0 to 11.5 ± 5.2 mmHg; mean effective orifice area 
increased from 0.7 ± 0.2 to 1.7 ± 0.4 cm2 post‐procedure. At 30 
days, the mortality rate was 4.2% and major stroke occurred in 

1.7%. Only one (1.0%) patient had moderate paravalvular regurgi-
tation, and none had a  severe paravalvular leak. The ongoing 
REPRISE III is a randomized, multicenter, controlled trial that 
aims to assess the safety and effectiveness of the Lotus system, as 
compared to the self‐expandable CoreValveTM; more than 1000 
patients were expected to be enrolled in 60 centers.

ACUrATE valve system
The Symetis AcurateTM transcatheter valve (Symetis SA, Ecublens, 
Switzerland) is a self‐expanding nitinol device, with supra‐annular 
porcine leaflets and a unique stent arquitecture [15]. The stent 
frame is divided into three parts, released in sequential steps from 
the aorta to left ventricle (Figure 61.4):
1 The “upper crown” is first deployed in a subcoronary position 

and provides fixation to the annulus, capturing the native leaflets 
and reducing the occurrence of coronary obstruction.

2 Three aortic stabilization arches, designed for self‐alignment and 
coaxiality, are then released and prevent tilting of the device 
during deployment; up to this point the valve can still be reposi-
tioned and retrieved.

3 The “lower crown” has good radial force and after unsheathing, 
protrudes minimally in the left ventricular outflow tract, which 
favorably impacts post‐procedure pacemaker rate.

The upper crown is fenestrated, and the stent body and lower crown 
have internal and external pericardial skirts, also preventing para-
valvular leak. The Acurate valveTM is available in three sizes, covering 
aortic annulus sizes from 21 to 27 mm (ACURATETM S 21–23 mm, 
M 23–25 mm, and L 25–27 mm).

In a multicenter post‐market study, 250 high risk, elderly patients 
with severe aortic stenosis were treated with the ACURATE TATM 
(transapical) bioprosthesis (Symetis SA, Ecublens, Switzerland) [16]. 
Mean STS and logistic Euroscore were 8.0 ± 5.9% and 22.3 ± 12.7%, 
respectively. The procedural success rate was 98% (n = 245) with two 
valve‐in‐valve procedures and three conversions to open‐heart sur-
gery. Moderate paravalvular regurgitation was detected in 2.3% of 
patients, and none had a severe aortic regurgitation. A new pace-
maker implantation was required in 10% of patients and 30‐day 
mortality rate was 6.8%. Well‐grounded in the ACURATE TATM 
experience, a transfemoral version of the device was developed: 
ACURATE NeoTM (Symetis SA, Ecublens, Switzerland). The 
ACURATE NeoTM has a very flexible delivery catheter compatible 
with a 18 Fr sheath. The first‐in‐man trial enrolled 20 patients in 
Brazil and Germany between February and August 2012 [15]. 
Patients were 84.8 ± 4.5 years old with a mean logistic EuroSCORE of 
26.5 ± 8.0%. The procedural success was 95% (n = 19) and one 
patient had to be treated with a valve‐in‐valve procedure because of 
low (too ventricular) placement. The effective orifice area improved 
from 0.7 to 1.8 cm2 and all except one patient have more‐than‐mild 
paravalvular regurgitation. The pacemaker rate was 10% (n = 2).

Direct Flow
The Direct Flow™ transcatheter heart valve (Direct Flow Medical 
Inc., Santa Rosa, California, USA) differs from the other new aortic 
valve technologies already in clinical use, as it consists in a non‐
metallic, trileaflet bovine pericardial valve attached to an inflatable, 
polyester fabric cuff [5,6]. Two circular balloons—one proximal 
(aortic) and the other distal (ventricular)—were connected by ver-
tical tubular supports and inflated independently and sequentially 
with a solidified polymer that hardens the non‐metallic frame, 
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encircling the annulus and anchoring the bioprosthesis at the 
 annular level (Figure 61.5). The device is fully repositionable and 
retrievable through the introducer prior to final deployment, 
 allowing for accurate and controlled deployment to ensure perfect 

sealing and reduced risk of paravalvular aortic regurgitation. Other 
technical advantages of the Direct Flow™ system includes its  flexibility 
due to the non‐metallic design, an important feature in tortuous 
anatomies; maintenance of hemodynamic stability throughout the 

Figure 61.3 (a) Lotus valve: composed of bovine pericardial leaflets within a braided, single nitinol wire in a self‐expanding frame; an outer 
sleeve membrane in its inflow portion prevents paravalvular leak. (b) Lotus valve: pre‐attached to the delivery system and deployed mechanically. 
Property of resheathing permits repositioning and retrievable attempts. The delivery system is pre‐curved and covered with a hydrophilic coating. 
Images used with permission of Boston Scientific Corporation.
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deployment, because transaortic blood flow is preserved and rapid 
pacing is not required during positioning and implantation; and, 
finally, the inflatable polyester cuff conforms to the native aortic 
annulus, minimizing further the risk of paravalvular regurgitation. 
The Direct Flow™ bioprosthesis is available in four sizes (23, 25, 27, 
and 29 mm), for aortic annulus sizes between 19 and 28 mm. The 
delivery system is 18 Fr‐compatible for all valve sizes.

The safety and efficacy of Direct Flow Medical systemTM were evalu-
ated in a prospective, multicenter, non‐randomized trial with 100 high 
surgical risk patients with severe aortic stenosis [17]. All procedures 
were performed transfemorally, and all patients underwent  balloon val-
vuloplasty before valve implantation to ensure expansion of the stenotic 
leaflets and annulus; the mean time for valve positioning, assessment, 
and deployment was 14 minutes. Freedom from all‐cause mortality at 
30 days (the pre‐specified  primary endpoint) was 99%, and overall device 
success was 93%. The mean aortic valve gradient decreased from 
45.9 ± 9.6 to 12.6 ± 7.1 mmHg post‐procedure, and the effective orifice 
area increased from 0.65 ± 0.18 cm2 at baseline to 1.50 ± 0.56 cm2 at 
30 days. Total aortic regurgitation was mild or less in 98.6%, and no 
patient had severe aortic regurgitation. Paravalvular regurgitation was 

none in 70.3%, mild in 28.4%, and moderate in 1 (1.4%). Stroke rate was 
2.7%, and 16% required a new, permanent pacemaker.

Because of the non‐metallic design, concerns about durability 
and recoil of the Direct Flow Medical valveTM have been raised. 
So  far, 2‐year data from the very first patients (n = 16)—treated 
with  an older version of the device—revealed that there were no 
changes in the position, diameter, or orifice area of the prosthesis 
over time with no evidence of recoil, as assessed by multislice 
 computed tomography. Hemodynamic performance were also sta-
ble by  echocardiography, with absent and mild aortic regurgitation 
in 73% and 27% of patients, respectively [18].

Engager
The Medtronic Engager™ aortic bioprosthesis (Medtronic Inc.) is 
designed for a transapical, antegrade approach and combines a self‐
expanding nitinol frame and bovine pericardium trileaflets [5,6,19]. 
The nitinol stent consists of a central frame, which houses the leaf-
lets, and a support frame, with control arms designed to stabilize 
the device in the sinuses of Valsalva, obtain anatomic orientation 
and positioning. The prosthesis has a polyester sleeve sutured to the 
main frame to reduce the risk of paravalvular regurgitation 
(Figure 61.6). The Engager™ is available in two sizes, 23 and 26 mm, 
for an annulus range between 21 and 27 mm. The first step of the 
implantation procedure consists in locating the support arms into 
the sinuses of Valsalva. Correct subcoronary positioning is manda-
tory, and should be verified by angiography. Repositioning (if nec-
essary with recapture of the support arms) could be performed at 
this stage. The commissural posts are then released, and final 
deployment is ideally performed under rapid ventricular pacing for 
stability and accuracy of positioning.

The Engager™ underwent first‐in‐man implantation in 2008 [19]. 
The feasibility study with the new Engager® system was conducted in 
10 patients at high risk for surgery (mean age 82.5 ± 3.6 years, mean 
logistic EuroSCORE 24.6 ± 13.6%). Implantation was successful in all 
patients, and no complications related to the device were reported. 
Aortic regurgitation caused by paravalvular leakage was absent or 
trivial (≤grade 1) in the majority (90%) of patients, and two required 
required permanent pacemaker implantation for complete atrioven-
tricular block.
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Figure 61.4 Symetis Acurate NeoTM valve: self‐expanding nitinol device, with supra‐annular porcine leaflets. The stent frame is divided into three 
parts, released in sequential steps: the upper crown, the stabilization arches, and the lower crown. Image used with permission of Symetis SA.

Figure 61.5 The Direct Flow Medical® Transcatheter Aortic Valve 
consists of a trileaflet bovine pericardial valve attached to a non‐ 
metallic, inflatable, polyester fabric cuff. Image used with permission 
of Direct Flow Medical.
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In a published, interim analysis of the multicenter Engager® CE piv-
otal trial, 61 patients with mean age of 81.9 years and mean  logistic 
EuroSCORE of 18.9% were selected. Overall device success, defined by 
modified VARC criteria, was achieved in 94.3%, without conversions 
to surgery, second valve implantation, device malposition, aortic annu-
lar rupture, or coronary obstruction. All‐cause mortality was 9.9% at 
30 days and 16.9% at 6 months. Mean aortic valve gradient improved 
from 43.7 ± 16.7 to 11.5 ± 5.0 mmHg at 30 days, and there was no para-
valvular regurgitation greater than mild through 6 months [20].

Portico
The PorticoTM valve (St. Jude Medical, USA) consists of bovine 
 pericardial tissue mounted on a nitinol, self‐expandable stent 
(Figure 61.7). Although similar in appearance to the CoreValveTM, 
the PorticoTM prosthesis has several and distinct features aimed at 
reducing potential complications:
1 The inflow portion is covered by a porcine pericardium cuff 

designed to minimize paravalvular leaks.
2 The leaflets are located lower on the support frame, minimizing 

device protrusion into the left ventricular outflow tract and 
therefore conduction disturbances.

3 The valve is resheathable and can be repositioned before deploy-
ment, provided the stent has not been fully released.

4 A large stent cell design guarantees easier access to coronaries 
and results in a low crimped profile; the large cell area also poten-
tially minimizes the risk of paravalvular leak by allowing valve 
tissue to conform around calcific nodules at the annulus.

The valve uses Linx® anti‐calcification technology [21].
In the first‐in‐man experience, the PorticoTM valve was 

implanted in 10 patients with severe aortic stenosis using trans-
femoral access [22]. Device implantation was successful in all 
patients. Prosthesis recapture and repositioning was required in 
four patients, and one patient underwent a second transcatheter 
valve implantation because of intermittent prosthetic leaflet dys-
function. Mean transaortic gradient decreased from 44.9 ± 16.7 to 
10.9 ± 3.8 mmHg (p <0.001), and valve area increased from 
0.6 ± 0.1 to 1.3 ± 0.2 cm2 (p <0.001). Moderate paravalvular 
regurgitation was detected in one patient (10%). No major strokes, 
major vascular complications, major bleeds, need of permanent 

pacemaker, or deaths were reported. The feasibility of transapical 
implantation of the Portico® valve has been investigated in Canada 
and Europe [23]. A total of seven cases were successfully per-
formed, with procedure successes in 100% according to VARC II 
definition. Paravalvular regurgitation was mild or trace in all 
patients. The 24 Fr delivery system used is one of the smallest used 
for transapical access, and could, in  particular, be safer in patients 
with left ventricular dysfunction.

JenaValve
The JenaValve® prosthesis (JenaValve Technology GmbH, Munich, 
Germany) consists of a porcine root valve mounted on a low profile, 
self‐expanding nitinol frame [5,6,24]. Initially a transapical‐only sys-
tem, which included a sheathless 32 Fr delivery catheter (Cathlete; 
JenaValve Technology GmbH), the prosthesis is available in three 
sizes (23, 25, and 27 mm), covering aortic valve annuli from 21 to 
27 mm. The self‐expanding stent has three feelers, which should be 
placed in the left, right, and non‐coronary cusps before deployment 
(Figure  61.8). The purpose is to position the commissures of the 
prosthesis precisely on the commissures of the native aortic valve. 
After the feelers have been placed in the correct orientation, the 
catheter is pulled back up until a tactile feedback indicates the con-
tact of the feelers with the proper cusps; the lower part of the 
JenaValve® is then released. Rapid pacing is not required during 
prosthesis positioning, and hemodynamic flow is maintained during 
prosthesis placement. Patients’ native valve leaflets are hence clipped 
between the feelers and the base of the prosthesis. This clipping 
mechanism firmly anchors the prosthesis independently of the 
amount calcium at the aortic annulus or leaflets, providing active 
fixation and resistance to migration. At this point the bioprosthesis is 
competent and functioning but still repositionable and retrievable. 
After releasing the base, the last step in deployment is the opening of 
the upper part of the nitinol frame. Because of the clipping mecha-
nism, the JenaValve® is the only transcatheter heart valve with a CE 

Figure 61.6 Medtronic Engager™ bioprosthesis. Designed for a 
transapical approach, is composed by a self‐expanding nitinol frame, 
bovine pericardium trileaflets, and a polyester sleeve to reduce the risk 
of paravalvular regurgitation. Image used with permission by Medtronic 
©2016. Note added in proof: The Engager bioprosthesis has been 
discontinued.

Figure 61.7 PorticoTM valve. Bovine pericardial tissue mounted on a 
nitinol, self‐expandable stent, with inflow portion covered by a 
porcine pericardium cuff to minimize paravalvular leaks. Valve is 
resheathable and can be repositioned before deployment.  
Source: Portico and St. Jude Medical are trademarks of St. Jude 
Medical, Inc. or its related companies. Reproduced with permission 
of St. Jude Medical, ©2016. All rights reserved.
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Mark indication for symptomatic, severe pure aortic regurgitation. A 
transfemoral concept has been presented.

The safety and efficacy of transapical implantation of the 
JenaValve® were evaluated in two multicenter, prospective trials 
[25]. In the first trial, 67 patients with severe aortic stenosis consid-
ered high-risk surgical candidates (mean age 83.1 ± 3.9 years, mean 
logistic EuroSCORE 28.4 ± 6.5%) underwent transapical implanta-
tion of the device. The procedural success rate was 89.6% (60/67 
patients). Mortality at 30 days was 7.6%, and conversion to open 
heart surgery was required in four patients (6%). Stroke occurred in 
two patients (3%), and permanent pacemaker implantation was 
necessary in eight patients (12%). After the procedure, patients had 
a reduction in mean transvalvular gradient (40.6 ± 15.9 to 
10.0 ± 7.2 mmHg) and an increase in valve area (0.7 ± 0.2 to 
1.7 ± 0.6 cm2, respectively). None of the treated patients had moder-
ate to severe (>grade 2+) paravalvular aortic regurgitation. In the 
second trial, 31 patients with severe aortic regurgitation considered 
high-risk surgical candidates (mean age 73.8 ± 9.7 years, mean 
logistic EuroSCORE 23.6 ± 14.5%) underwent transapical implanta-
tion of the device [26]. The procedural success rate was 96.8% 
(30/31 patients). Mortality at 30 days was 12.9%, and no conversion 
to open heart surgery was required. No stroke occurred, and per-
manent pacemaker implantation was necessary in two patients 
(6.4%). After the procedure, mean transvalvular gradient was low 
(7.9 ± 4.0 mmHg), and none of the treated patients had moderate or 
worse paravalvular aortic regurgitation. More recently, clinical and 
valve performance results from a multicenter, prospective post-
market registry including both aortic stenosis and aortic regurgita-
tion patients have been reported.

Conclusions
TAVI has become a feasible and effective therapeutic option for 
inoperable or high surgical risk patients with severe aortic stenosis. 
Despite the impressive and positive clinical results with the first‐
generation devices, there are many challenges to be addressed for 
further improvement in outcomes and, potentially, to expand the 
indications to lower risk patients. New valve technologies are char-
acterized by repositionable and/or retrievable properties, lower 
profile, and innovative features designed to prevent complications 
such as paravalvular leaks, vascular complications, and conduction 
disturbances. Further studies are necessary to evaluate if the theo-
retical benefits of the second‐generation valves will result in better 
clinical outcomes.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Image used with permission of JenaValve Technology, Inc.
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Transseptal catheterization (TS) remains an integral yet specialized 
technique for interventional cardiologists and electrophysiologists. 
It was introduced in the late 1950s [1]. Initially seldom used, mostly 
because of lack of experience and trepidation, this relatively com
plex technique has had a revival with the introduction of new per
cutaneous electrophysiologic and structural, especially valvular, 
interventions (Box 62.1) [2–8].

This chapter describes the technical aspects of the procedure, 
including guidance by imaging, then addresses the specific aspects 
related to specific interventions performed for which TS is the 
first step.

Training
The presence of a learning curve has been well described [2,3]. 
Thus, training in transseptal catheterizations involves the acquisi
tion of specialist skills [9]. However, currently there are no specific 
data regarding the minimum numbers needed for initial training 
and maintenance of competency.

Physicians performing transseptal catheterization must have a 
good knowledge of the pathoanatomy of the heart, hemodynamics, 
and echocardiography. Interventionists must be able to recognize 
and manage complications such as tamponade and stroke. Training 
in transseptal catheterization is expected to derive benefit from 
simulator training before clinical training during specific courses 
on the technique [10].

Echocardiographic guidance
Echocardiographic examination performed before TS catheteriza
tion must carefully look for abnormalities of the interatrial septum 
such as very thick septum, calcifications, aneurysmal deformation, 
and presence of a patent foramen ovale, which should be taken into 
account when performing the procedure. In addition, the presence 
of even mild to moderate pericardial effusion should be described 
in the echocardiography report in order to serve as a comparator if 
hemopericardium is suspected during the procedure.

The goal of the guidance of TS puncture is to puncture the fossa 
ovalis which is composed mainly of thin and fibrous tissue and is the 
easiest and safest part of the septum for a standard puncture. In valve 
disease, the position of the fossa ovalis can be altered because, when 
the LA is enlarged, the fossa ovalis tends to be displaced inferiorly.

Both transesophageal echocardiography (TEE) and intracardiac 
echocardiography (ICE) provide excellent imaging of the interatrial 
septum, which is useful to guide the orientation of the catheter and 
needle in the fossa ovale, to show proper positioning and tenting of 
the septum, and monitor the crossing of the septum. Drawbacks of 
echocardiographic guidance are the need for anesthesia, or at least 
analgesia, in most patients when TEE is performed; the cost of the 
devices and the need for a second femoral access are the drawbacks 
for ICE. The recent introduction of real time 3D TEE further 
improves imaging of the septum [11,12].

During electrophysiologic interventions or percutaneous mitral 
balloon commissurotomy, in experienced teams, echocardiographic 
guidance, using either TEE or ICE, is restricted to patients in whom 
there are anticipated difficulties, such as severe thoracic deformity, 
or when unexpected difficulties occur. ICE is widely used in the 
USA as demonstrated by the fact that approximately 50% of the 
experts involved in the 2007 consensus statement on atrial fibrilla
tion ablation routinely used ICE to facilitate the transseptal proce
dure or to guide catheter ablation [18]. TEE guidance is mandatory 
for the technical steps needed after transseptal catheterization in 
most structural interventions and is therefore systematically used 
in such procedures. It is also a useful adjunct in the early part of 
the  operator’s experience. Effective echocardiographic guidance 
requires specialized training for the echocardiographer, without 
which may result in a false impression of security. Finally, successful 
echocardiographic guidance requires good understanding and col
laboration between the interventionist and the echocardiographist, 
as well as the use of similar definitions, to optimize the performance 
of the procedure.

Transthoracic echocardiographic (TTE) guidance is seldom used 
because it is difficult to perform at the same time as fluoroscopic 
imaging. However, it could be helpful in experienced hands.

Transseptal Puncture
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Finally, isolated case reports have described the feasibility of 
transseptal puncture on echocardiographic guidance alone, without 
fluoroscopy, in emergency cases [13]. However, this approach 
 cannot be recommended at the present time.

Equipment
The Brockenbrough needle is the most commonly used transsep
tal needle, which is 70 cm long, has a curved tip, and tapers dis
tally. A hub arrow on the proximal part indicates the direction of 
the needle. The stylet inside the needle should be removed before 
use [14].

The most commonly used catheters comprise a dilator and a 
sheath, and are 8 Fr [15]. This allows the introduction of another 
catheter, such as a floating balloon, in the left atrium (LA) after 
penetration and withdrawal of the dilator (Figure 62.1). A vari
ety of dilator shapes are available in order to adapt to the require
ments of the procedure. The most commonly used are the 
Mullins sheath or the St. Jude SL 0 or SL 1 sheaths.The conven
tional Mullins sheath is advised when aiming to cross the mitral 
valve using another catheter. The St. Jude type devices are advis
able when catheterization of the superior pulmonary vein is 
planned for mitral clip or left atrial appendage closure, for 
example (Figure 62.2).

Before performing transseptal catheterization, it is necessary 
to carefully check: (i) that the proximal arrow is aligned with 
the needle tip, and (ii) to measure the distance (in fingers) 
between the proximal part of the catheter and the proximal 
arrow when the tip of the needle is advanced to lie just inside 
the dilator to avoid inadvertent puncture during manipulation 
(Figure 62.3).

Procedure
Before starting the procedure, the patient must be lying flat for bet
ter anatomic landmarks. This could be difficult in emergency cases 
such as pulmonary edema, which requires a semi‐supine position. 
In such cases, the procedure should only be performed by an 
 experienced operator.

A 5 Fr pigtail should be positioned retrogradely from the femoral 
artery to the right aortic coronary sinus for identification of the 
aorta and systemic pressure monitoring. However, left heart cathe
terization can be omitted by experienced operators, but is useful 
otherwise when only fluoroscopic guidance is used.

Percutaneous venous access is via a puncture of the right femo
ral vein as this offers a direct approach from the inferior vena cava 

1

2

Figure 62.2 Different shapes of dilator and sheaths used for 
transseptal catheterization. 1. This curved shape enables 
 catheterization of the left ventricle afterward through the mitral valve. 
2. The straighter shape facilitates the catheterization of the upper 
pulmonary vein, which is useful during MitraClip or left atrial 
occlusion procedures.

Box 62.1 Indications for transseptal puncture during interventional 
procedures

Structural interventions:
• Percutaneous mitral balloon commissurotomy
• Percutaneous edge‐to‐edge mitral repair
• Antegrade aortic balloon valvuloplasty
• Transcatheter aortic valve implantation
• Patent foramen ovale closure
• Percutaneous occlusion of the left atrial appendage
Electrophysiologic studies and catheter ablation:
• Left‐sided accessory pathways
• Pulmonary vein ablation for paroxysmal atrial fibrillation
• Left atrial tachycardia
• Atypical left atrial flutters
• Left ventricular tachycardia
Circulatory support:
• Percutaneous left ventricular assist device

(a) (b)

Figure 62.1 Equipment. (a) The needle: proximal tip with an arrow and a tap; distal tip which is tapered. (b) Transseptal needle, alongside the 
Mullins dilator and sheath.
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to the interatrial septum at the fossa ovalis. If right access is not 
possible, left femoral access can be attempted but this renders the 
procedure more difficult, and can be painful for the patient and 
lead to a vagal reaction. In very rare cases, transseptal catheteriza
tion has been performed using a transjugular or transhepatic 
approach [16].

A 0.032–0.035‐inch J‐tipped guidewire is advanced into the 
superior vena cava, up to the origin of the left innominate vein, in 
anteroposterior view. It is important to avoid forcing the guidewire 
into the right atrial appendage, as this is a fragile structure. The 
catheter is advanced over the guidewire into the superior vena cava 
and the guidewire is removed (Figure 62.4).

The Brockenbrough needle is connected to a pressure line, which 
is continuously flushed, and inserted into the dilator just inside the 

distal end under fluoroscopic guidance and using the predeter
mined measurement. The needle is allowed to rotate freely while 
being advanced. If resistance is felt, the proximal hub arrow should 
be gently rotated until the needle can be advanced without resist
ance. In the very rare cases where difficulties persist, it could be 
helpful to push the needle over a 0.0014 angioplasty guidewire. This 
latter modification seems more useful than the stylet provided with 
the needle.

When the needle reaches the desired position inside the cath
eter the flush is stopped and pressure is continuously monitored. 
From then on, it is necessary to hold the needle and the catheter 
firmly and to move them as a unit. Initially, the tip of the catheter 
is orientated toward the right shoulder of the patient in anter
oposterior view. Then, under continuous fluoroscopic and pres
sure monitoring, both the catheter and needle are withdrawn 
downward and rotated counterclockwise until contact with the 
septum is felt.

Other techniques initially orientate the catheter toward the 
left shoulder (innominate vein) and perform a clockwise rota
tion. In such cases, when the system is withdrawn three sequen
tial bumps can be felt representing (i) the right atrium–superior 
vena cava junction; (ii) movement over the ascending aorta of 
which pulsations can be felt; and (iii) the passage over the lim
bus to enter the fossa ovalis. Whatever method is used, the prox
imal arrow and the tip of the needle have a posteromedial 
position of 4–6 o’clock,  looking from bottom to top in anter
oposterior view (Figure 62.5). The angle is chosen according to 
the size of the LA (4 o’clock in normal size; up to 6 o’clock in a 
large atrium).

The selection of an adequate puncture site varies according to 
the imaging modality used for its guidance. If the procedure is 
fluoroscopy guided, in anteroposterior view, the correct position 
of the tip of the needle is usually mid‐way between the pigtail and 
the right atrial border in the horizontal axis and slightly below the 
horizontal line at the level of the pigtail. It is recommended that a 
complementary view is used to provide further information on 
the orientation of the needle in the anteroposterior axis before 
puncturing the  septum (Figures 62.6 and 62.7). This could be a 
lateral view with a target zone at the mid‐part of the line between 
the pigtail and the spina, or right anterior oblique 30° with a target 
zone vertically in the middle of the line between the pigtail and 
the spina and below a horizontal line at the level of the pigtail. 
With both methods, the puncture site is posterior and inferior to 
the aortic plane.

(a) (b)

(c)

Figure 62.4 Procedure I: Positioning in antero‐posterior view. 
(a) Pigtail catheter placed on the aortic cusps. The dilator is advanced 
into the superior vena cava. (b) The guidewire is removed. (c) The needle 
is advanced through the dilator. Courtesy of Professor A. Cribier.

Dilator

Sheath

(a) (b)

Figure 62.3 Measurements of the landmarks between needle and catheter. Measurement of the distance between the proximal of the needle 
arrow and the proximal part of the catheter (a) necessary to position the needle just inside the catheter (b).
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If the TS is guided by echocardiography (Figure  62.8), three 
two‐dimensional TEE planes are sequentially used to define the 
preferred puncture site precisely [11]:
1 Short axis view at the base (30–50°) which allows for anterior–

posterior orientation;
2 Long axis view (bicaval) at 90–120° which allows for superior–

inferior orientation;
3 Four‐chamber view (0°) is used to determine the correct height 

above the mitral valve which is mandatory when performing the 
MitraClip and other mitral procedures.
The position of the TS needle can be identified by a tent‐like 

doming of the interatrial septum toward the LA (tenting; 
Figure 62.9). Successful crossing of the septum is confirmed by the 
abrupt loss of tenting. Thee‐dimensional X‐plane imaging facili
tates the TS puncture by presenting a short and a long axis view 
simultaneously, thus providing anteroposterior and superior–inferior 
orientation in a single view.

When using ICE imaging, tenting of the interatrial septum 
should be identified in the long axis view and clear visualization 
of the point of maximal tenting should be obtained before punc
turing. Relationship with the aortic root can be obtained by 
counterclockwise rotation of the ICE catheter. Confirmation of 
the location of the ICE catheter in the LA can be obtained by 
injection of non‐agitated saline or contrast during ICE imaging 
or the presence of a left‐to‐right shunt with color Doppler. 
In addition to visual guidance, it is important to feel a sensation 
of more or less elastic resistance through the catheter, which 
 happens in most cases.

If the previous stage is successfully performed, the catheter may 
pass into the LA without puncture by the needle which is shown by 
the LA pressure recording. This can occur in cases with patent fora
men ovale but also in its absence [17]. If this is the case, the catheter 
and the needle are gently pushed without resistance and the needle 
is withdrawn.

However, in most cases it is necessary to puncture the septum. 
The needle is gently advanced. Entry into the LA is indicated by 
changes in pressure tracing. If no changes are perceived this can be 
a result of:
1 Problems with pressure recording, or problems with the perme

ability of the needle. In the latter case, as opposed to forceful 
flushing, it is recommended to gently aspirate blood, which will 
be red if the needle is in the LA.

2 If the position seems adequate, but there is still resistance to 
penetration, it may be because of a thick or fibrous septum, 
especially in children or in patients with previous cardiac sur
gery, or a “receding septum” feeling, which can be because of an 
aneurysm of the septum requiring the application of additional 
pressure.

3 Incorrect positioning which requires re‐puncture at another site. 
In such cases, the catheter and needle should not be re‐advanced 
upward, and the maneuver should be restarted.

Figure 62.6 Procedure III: Reaching the fossa ovale. The catheter and 
needle are moved downward to the fossa ovale. Courtesy of  
Dr. S. Shaw.

(a)

(b)

Figure 62.5 Procedure II: Positioning of the needle. (a) The catheter 
and the needle are moved as a unit, keeping in mind the 
 predetermined distance necessary to avoid protrusion of the needle 
out of the catheter. (b) The needle is rotated so that the arrow is 
oriented to 5 o’clock (red arrow).
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The entire system is withdrawn into the inferior vena cava, the 
 needle is withdrawn, and the J‐tipped guidewire is advanced 
through the catheter and repositioned in the superior vena cava. 
The catheter should be advanced into the LA only when assurance 
is obtained that the needle has crossed the septum.

Before advancing the catheter it is recommended to return to the 
anteroposterior view, which provides a better view of the borders of 
the LA, to avoid damage to the neighboring structures (i.e., LA wall, 
left atrial appendage, or pulmonary veins when using fluoroscopic 
guidance only).

Before moving forward it is necessary to be sure that the X‐ray 
table is fixed and will not move during the following maneuvers. It 
is now even more important to move the needle and the catheter as 
a unit because the needle is protruding into the LA. Continuous 
pressure is applied with the right hand at the proximal part of 
the needle while the left hand holds the catheter at the groin and 
provides counter‐resistance if necessary.

When both the needle and the catheter have crossed the septum, 
the needle is withdrawn. The LA pressure is then recorded. It is nec
essary to ensure that both the needle and the catheter have crossed 
the septum before removing the needle because too early removal of 
the needle can lead to backward movement of the catheter into the 
RA. When using a dilator and a sheath after crossing of the septum, 
the needle is withdrawn into the dilator. The dilator and the sheath 
are then advanced into the LA. The needle and the dilator are 
removed and the sheath is carefully flushed before connection to the 
pressure line.

Heparin, usually with a target activated clotting time (ACT) of 
250–300 s, is given when the catheter is securely positioned in the LA.

Specificities in transseptal puncture
Anatomic variations
Large right or left atrium
In patients with enlarged atrial cavities the ideal puncture site is 
slightly below this line but not too posteriorly. It should be stressed 

(a) (b)

(c) (d)

Figure 62.7 Procedure IV: Transseptal puncture. (a) Antero‐posterior view. The catheter and needle are at the level of the fossa ovale, below 
and lateral to the pigtail. (b) Lateral view. The catheter and needle are below and posterior to the pigtail catheter. (c) The needle is advanced 
and left atrial pressure is obtained. Courtesy of Professor A. Cribier. (d) The position of the puncture in right anterior oblique 30° is also inferior 
and posterior to the aortic cusps.
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Figure 62.8 Guidance of transseptal puncture by echocardiography. 
Transesophageal echocardiographic views. 1: Bicaval view shows the 
position: superior directed toward the superior vena cava versus 
inferior toward the inferior vena cava. 2: Short axis view: anterior 
directed toward the aorta versus posterior. 3: Four‐chamber view:  
low, close to the atrioventricular plane versus high at a distance.
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that a too posterior puncture, outside the boarders of the fossa 
ovale, should be avoided in order to avoid a perforation into the 
pericardial space between the two atria. In such cases, the convexity 
of the septum as a result of LA enlargement can cause catheter 
 slippage and, thus, can impede adequate contact with the septum. 
In addition, in patients with severely enlarged RA it is useful to 
slightly bend the needle at 10 cm from the tip to facilitate contact 
with the septum.

Resistant septum
This can occur in re‐do interventions [18], either after cardiac sur
gery or multiple electrophysiologic interventions or in older 
patients, after thoracic radiation. If resistance to crossing the sep
tum with the needle occurs, pressure must be continuously applied 
until crossing has been achieved. If crossing is still not possible, it 
may be useful to introduce an inverted exchange angioplasty 0.014 
guidewire into the needle [19]. A more sophisticated variant is the 
SafeSept® wire (Pressure Products, San Pedro, CA, USA) where a 
0.014 coronary guidewire is advanced through the TS needle lumen 

and as soon as the wire enters the LA it takes a J shape to avoid 
damaging the LA wall [20]. Recent alternatives have been devel
oped using radiofrequency, which does not require mechanical 
force [21,22]; this can be carried out using dedicated catheters such 
as the Baylis (Baylis Medical, Montreal, Canada). However, radio
frequency can also be used by a standard electrosurgical cautery 
generator via the TS needle, brief pulses being applied to the hub of 
the TS needle by direct contact [23].

If the needle can cross but not the catheter, it may be useful to 
introduce an exchange angioplasty 0.018 guidewire into the needle 
(Steelcore, Abbott Vascular) up to the superior pulmonary vein 
and use it as support for both the needle and the catheter. If this 
maneuver fails, an exchange angioplasty 0.014 guidewire can be 
introduced into the needle, to withdraw both the needle and 
the catheter and insert an angioplasty balloon (2 mm) to dilate the 
 septum before re‐advancing the transseptal catheter over this 
guidewire [24]. This latter technique is difficult and not always 
successful. Finally, it can be necessary to re‐do the puncture at 
another site, as the first attempt was likely not at the fossa but at a 
thicker part of the septum.

Subsequent interventional procedure
Percutaneous mitral commissurotomy
When performing the Inoue technique the preferred site for the 
transseptal puncture is usually in the lower part of the fossa ovale if 
the LA is severely enlarged. However, if crossing the mitral valve is 
not possible using this puncture location, it can be necessary to re‐
do the transseptal puncture in a slightly higher position and more 
posteriorly [5].

Percutaneous mitral valve repair or replacement
The most common mitral valve repair technique used today is 
the  edge‐to‐edge technique using the MitraClip. The transseptal 
puncture is performed under echocardiographic guidance, which is 
subsequently necessary for the performance of the procedure [25]. 
The determination of the optimal puncture site is of major impor
tance for a MitraClip procedure.

The puncture must be performed in the superior–posterior 
part of the fossa ovalis and at an adequate distance from the mitral 
valve (Figure  62.10). The optimal height above the mitral valve 
differs for primary and secondary mitral regurgitation (MR). In 
cases with primary MR the puncture site should be 4–5 cm above 
the mitral annulus, thus providing enough space to maneuver the 
delivery system adequately within the LA. In patients with sec
ondary MR, important valve tethering results most often in a shift 
in position of the line of coaptation to below the mitral annulus. 
Subsequently, TS puncture needs to be lower, approximately 
3.5 cm above the annular plane or 4–4.5 cm above the coaptation 
of both leaflets in order to be able to advance the catheter more 
deeply into the LA.

An inadequate puncture site will lead to the following complica
tions: aortic hugging if the puncture is too anterior, for example 
through a patent foraman ovale; inability to cross the mitral valve in 
a too high puncture; inability to pull back the clip and tether the 
leaflets after a too low puncture; and, finally, risk of perforation if 
the puncture is too posterior.

The stability of the position of the needle should be carefully 
checked before pushing the sheath over the needle. For this purpose 
the use of radiofrequency energy could be a useful adjunct by 
avoiding the potential slippage of the needle while applying force to 
cross the septum.

(a)

(b)

C

Figure 62.9 Transesophageal echocardiography showing the tenting 
of the interatrial septum during the septal puncture. (a) 2D echo; 
(b) 3D echo.
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There are no precise recommendations concerning the transsep
tal technique for other mitral interventions such as “valve‐in‐a‐
valve” or “valve‐in‐a‐ring” or direct annuloplasty because the 
number of cases performed is still limited [8,26]. As a general rule, 
the TS puncture for these procedures shares most of the character
istics of that used for the MitraClip technique (i.e., a superior and 
posterior puncture in order to allow for sufficient maneuverability 
in the LA and crossing of the mitral valve).

Left atrial appendage closure
Transseptal puncture is also the first step of the percutaneous left 
atrial closure techniques. Here again the location of the transseptal 
puncture is important and somewhat dependent on the particular 
characteristics of the device to be implanted in order to facilitate 
coaxial alignment and reduce the risk of complications such as tam
ponade or embolization. When using the Watchman device, the 
ideal location is in the middle portion of the posterior fossa which 
allows a coaxial engagement of the appendage. The TS puncture is 
ideally slightly more anterior and inferior with the Amplatzer 
device (Figure 62.10).

Patent foramen ovale closure
The presence of a long funnel‐shaped patent foramen ovale is chal
lenging for the placement of most closure devices. A TS puncture of 
the most cephalad aspect of the septum primum at the level of the 
fossa ovalis allows placement of the device which can then “sand
wich” both the septum primum and secundum and effectively close 
the tunnel [27].

Electrophysiology
Interventional electrophysiologists have used TS since the 1980s as 
an alternative or complementary approach to the retro‐aortic 
route to ablate left‐sided accessory pathways. However, the spread 
of the technique in the electrophysiology laboratory has followed 
the development of left atrial ablation to treat atrial fibrillation.

The techniques of TS have similarities whether used in the elec
trophysiology laboratory or in the hemodynamic or structural 
intervention laboratory but some specific features deserve to be 
emphasized [3,4,18,22,28–31]. Specific features of TS in the electro
physiology laboratory include the following.
1 Electrophysiology and ablation catheters as landmarks The posi

tion of the His bundle indicates the level of the most inferior 
aspect of the non‐coronary cusp. The catheter placed in the coro
nary sinus provides information on coronary sinus ostium loca
tion as well as on the position of the lower portion of the mitral 
annulus. On a 30° right anterior oblique view, the fossa ovalis is 
located midway between the His bundle and the right atrial pos
terior wall on the anterior–posterior axis and below or at the level 
of the His bundle on the superior–inferior axis (Figure 62.11).

2 The double transseptal technique In most cases, more than one 
catheter is used for left atrial ablation. This is done using either a 
double TS puncture or a single puncture. In the former, a guide
wire is placed in the left superior pulmonary vein through the first 
sheath and dilator which are then pulled back into the right atria. 
Next, the ablation catheter (through a second sheath) is positioned 
(under fluoroscopy and/or TEE or ICE) in the fossa ovalis and 
pushed into the left atria following the guidewire direction. Finally, 
the first sheath and dilator are pushed over the wire into the LA 
(Figure 62.12). An alternative method for the double transseptal 
technique with a single puncture has also been described [32].

3 Resistant septum in cases of re‐do procedure and thrombotic 
issues have been addressed earlier.

Circulatory support
Transseptal catheterization can also be used during percutaneous 
left ventricular assist device implantation.

The Tandem Heart (Cardiac Assist Technologies Inc., Pittsburg, 
PA, USA) is a transseptal left atrial to femoral arterial assist device 
that provides left heart bypass designed for short‐term circulatory 
support. The inflow transseptal cannula is a 21 Fr polyurethane 
catheter with a large end hole and 14 side holes to facilitate left atrial 
decompression [33].

SUP (SVC)
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Figure 62.10 Optimal location of the transseptal puncture site in 
selected structural interventions: Mitraclip, left atrial occlusion using 
the Watchman or Amplatzer devices. Ant, anterior; Ao, aorta; AV, 
aortic valve; IVC, inferior vena cava; PV, pulmonary veins; 4 ch,  
four‐chamber view; SAX, short axis view.

Figure 62.11 Transseptal catheterization in electrophysiologic 
interventions: electrophysiology and ablation catheters as landmarks. 
Catheter position during the transseptal puncture. RAO 30° view. 
The black line indicates the position of the fossa ovalis.
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Transseptal catheterization can also be used to unload the LA in 
patients with persisting pulmonary edema after implantation of a 
femoro‐femoral Extra‐Corporeal Membrane Oxygenator.

Complications
Although generally safe, transseptal catheterization is associated 
with an incidence of complications, albeit low, if performed  carefully 
following the rules described earlier (Table 62.1) [2,3,30,31,34–37]. 
The failure rate is usually 1–2% and fatality is the exception.

Heart perforation related to transseptal puncture concerns the 
free wall of the RA, LA, left atrial appendage, or a puncture going 
from the RA to the LA via the pericardium, or the aorta. It mostly 
occurs when the operator is less experienced. Unfavorable patient 
characteristics such as severe atrial enlargement or thoracic deform
ity also increase risk. Perforation of the heart can result in mild 
pericardial effusion without clinical consequences, but hemoperi
cardium usually has immediate clinical consequences resulting in 
tamponade. Its incidence is around 1% but can be as high as 4% in 
centers with limited experience. It should always be suspected as a 
potential cause when hypotension occurs during transseptal cathe
terization. The potential consequences of this complication neces
sitate the immediate availability of echocardiography whenever 
transseptal catheterization is performed.

Puncture of the aorta by the needle only is usually without conse
quences when it is recognized immediately by pressure monitoring. It 

requires close monitoring and avoidance of heparin administration. 
On the other hand, advancement of the catheter in such cases can 
lead to massive hemopericardium. If hemopericadium is suspected, 
echocardiography should be performed urgently before deterioration 
occurs. Hemopericardium requires immediate  pericardiocentesis, 
ideally performed under echocardiographic guidance after reversal 
of anticoagulation if already given. In most cases, hemopericardium 
from transseptal catheterization can be managed by pericardiocente
sis, especially when it results from a puncture by the transseptal nee
dle only. If this is successful, the  planned procedure can then be 
continued but the patient should be closely monitored.

Embolism can be caused by a pre‐existing thrombus, usually in 
the left atrial appendage, or one developed during the procedure. 
The TS puncture in itself is seldom responsible for this complica
tion which is mostly related to the lengthy procedures performed 
afterwards [38]. Cerebral embolism usually results in stroke. Less 
frequently, coronary embolism leads to transient ST segment 
 elevation. The treatment of cerebral embolism should be in collabo
ration with a stroke center. Cerebral imaging should be performed 
on an emergency basis to rule out hemorrhage, then intra‐arterial 
fibrinolytic therapy should be administered early in the absence of 
contraindications.

In the case of persistent ST segment elevation, coronary angiog
raphy should be performed. ST segment elevation in the inferior 
leads accompanied by diaphoresis, hypotension, and chest discom
fort with normal coronary angiogram has been occasionally 

Table 62.1 Complications of transseptal catheterization.

n Death (%) Tamponade (%) Embolism (%)

Roelke et al. [2] 1279 0.08 1.2 0.08

Fagundes et al. [30] 1150 0 1 0.4

De Ponti et al. [3] 5520 0.008 0.1 0.008

Michowitz et al. [31]* 34,943 0.8 0.08† NA

* Catheter ablation of atrial fibrillation.
† Related to transseptal puncture.

(a) (b) (c)

Figure 62.12 Transseptal catheterization in electrophysiologic interventions: the double transseptal technique. (a) Guidewire in the left superior 
pulmonary vein and ablation catheter on the right side of the transseptal puncture. (b) Guidewire in the left superior pulmonary and ablation 
catheter in the right superior pulmonary vein. (c) Ablation catheter in the right superior pulmonary vein and lasso catheter at the ostium of the 
left superior pulmonary vein.
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observed after transseptal catheterization as is also the case after 
other intracardiac manipulations. They can be neutrally mediated 
as a Bezold–Jarish‐like reflex and are responsive to atropine [37]. 
In the very rare cases where a coronary occlusion is present, coro
nary angioplasty can be performed, while thrombo‐aspiration 
could be an appealing alternative. Inferior vena cava perforation 
and retroperitoneal hematoma could be the consequences of push
ing the  needle extruded from the catheter during its positioning in 
the vena cava.

Atrial tachyarrhythmias are possible but are rare and usually 
transient. Persistent interatrial shunts are not observed after the 
performance of transseptal catheterization in isolation.

Contraindications
To avoid these complications, any of the following contraindica
tions must be eliminated. The performance of TEE is recom
mended in the days just preceding transseptal catheterization to 
disclose left atrial thrombosis as the technique is contraindicated 
in patients with a thrombus floating in the LA cavity or on the 
atrial septum. No consensus has been reached regarding patients 
with thrombosis in the LA appendage. In such cases, TS can only 
be indicated in patients who are candidates for urgent intervention 
but not surgery, or if intervention is not required urgently and 
when oral anticoagulation can be given for at least 2 months, and 
new TEE shows the thrombus has disappeared. LA myxoma also 
constitutes a contraindication.

TS should not be performed in patients with bleeding disorders, 
especially caused by too high anticoagulation (INR >1.5), in par
ticular in patients who have not undergone previous cardiac opera
tion. When intravenous heparin is used, it should be discontinued 
4 hours before and can be restarted 2 hours after the procedure. 
This rule has been recently challenged in two circumstances where 
the risk of thrombosis resulting from the withdrawal of anticoagu
lation in lengthy procedures was felt to be superior to that of bleed
ing: (i) in MitraClip implantation when it is performed by 
experienced operators under TEE it is possible to perform TS with 
an INR >2 [39]; (ii) the same opinion is shared by electrophysiolo
gists planning TS before atrial fibrillation (AF) ablation because of 
the long duration of the procedure, the presence of AF, and the 
thrombotic effect of radiofrequency lesion, clotting in the left atria 
and/or on the TS sheath and ensuing stroke are always feared. 
Hence, most echocardiography centers now perform TS and cath
eter ablation of AF without warfarin discontinuation and with hep
arin on top of vitamin K antagonists, which reduces the occurrence 
of peri‐procedural stroke and minor bleeding complications. 
During AF ablation procedures, heparin is administered prior to or 
immediately following TS and adjusted to achieve an ACT of 300–
400 s throughout the procedure [28,38].

Thoracic deformity, such as cyphoscoliosis, is a contraindication if 
severe. In practice, the level of acceptable deformity depends on oper
ator experience and the availability of echocardiographic guidance.

Complex congenital diseases are also considered contraindica
tive because of the altered anatomic landmarks.

Transseptal catheterization can be performed in dextrocardia 
by experienced operators using left femoral access, inversion of the 
X‐ray image, and echocardiographic guidance [40].

Obstruction of the vena cava is a classic contraindication for 
femoral access but membranous obstruction of the vena cava can be 
dilated. The presence of a filter in the vena cava is not an absolute 
contraindication if it is permeable.

Another contraindication is agenesis of the vena cava associated 
with azygos return. This latter condition should be diagnosed by  
X‐ray before the procedure or, if during the procedure the catheter 
has an unusually posterior position behind the heart, confirmed by 
venous angiography in the RA [41]. In such circumstances TS can be 
performed using a transjugular approach if absolutely necessary.

Presence of an interatrial patch [24], or even atrial septal 
occluder [42], is not an absolute contraindication but may render 
the crossing of the interatrial septum difficult.

Conclusions
Transseptal catheterization has had a revival since it is the first step 
for several structural interventions as well as in interventional 
electrophysiology. Imaging guidance by echocardiography has 
considerably eased the performance of the procedure. However, it 
remains a demanding procedure and requires specific expertise. 
A stepwise and cautious technique is the key to limiting complica
tions. It is hoped that further refinements in the technique will 
result from the evaluation of new technologies and better guidance 
by multi‐imaging modalities.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Degenerative mitral valve disease has become the predominant 
cause of mitral regurgitation (MR) in developed countries during 
the last four decades mainly because of the eradication of rheumatic 
fever and the aging population. Several confusing terminologies 
(myxomatous valve disease, mitral valve prolapse, floppy valve, flail 
leaflet, and so on) have been used in the literature to describe degen-
erative mitral valve disease. The understanding of valve pathology is 
facilitated by the use of the “pathophysiologic triad” [1].

Pathophysiology and functional 
classification
The pathophysiologic triad is composed of etiology (cause of the 
disease), valve lesions (resulting from the disease), and valve dys-
function (resulting from the lesion) [1]. These distinctions are rel-
evant because long‐term prognosis depends on etiology, whereas 
treatment strategy and surgical techniques depend on valve dys-
functions and lesions, respectively (Table 63.1).

Carpentier’s functional classification is used to describe the 
mechanism of MR (Figure 63.1) [1]. This classification is based on 
the opening and closing motions of the mitral leaflets. Patients with 
type I dysfunction have normal leaflet motion. MR in these patients 
is caused by annular dilatation or leaflet perforation.

There is increased leaflet motion in patients with type II dys-
function with the free edge of the leaflet overriding the plane of the 
annulus during systole (leaflet prolapse). The most common 
lesions responsible for type II dysfunction are chordae elongation 
or rupture, and papillary muscle elongation or rupture. Patients 
with degenerative mitral valve regurgitation often present with 
type II dysfunction.

Patients with type IIIa dysfunction have a restricted leaflet 
motion during both diastole and systole. The most common lesions 
are leaflet thickening and/or retraction, chordae thickening and/or 
shortening or fusion, and commissural fusion. MR is most often 
associated with some degrees of mitral stenosis. The most common 
corresponding etiologies are rheumatic valve disease, mitral calcifi-
cation, and carcinoid valve disease.

The mechanism of MR in type IIIb dysfunction is restricted 
 leaflet motion during systole. Left ventricular enlargement with 

apical papillary muscle displacement causes this type of valve 
 dysfunction. The two most frequent etiologies are ischemic and 
dilated cardiomyopathy.

The functional classification is further refined by the introduction 
of segmental analysis which allows the precise localization of leaflet 
dysfunction, which is of critical importance while performing 
reconstructive surgery [2].

The mitral valve is separated into eight segments (Figure 63.2). 
Anterolateral and posteromedial commissures are two segments. 
Two indentations on the posterior leaflet divide this structure into 
three anatomically individualized scallops. The three scallops of the 
posterior leaflet are identified as P1 (anterior scallop), P2 (middle 
scallop), and P3 (posterior scallop). The three corresponding seg-
ments of the anterior leaflet are A1 (anterior segment), A2 (middle 
segment), and A3 (posterior segment).

Application of pathophysiologic triad in patients 
with degenerative mitral valve disease
Etiologies of degenerative mitral disease include Barlow’s disease 
and fibroelastic deficiency. Marfan’s disease, the third etiology, is 
encountered in a minority of patients. In about 10–20% of patients, 
although the valve displays some pathologic features compatible 
with either Barlow’s disease or fibroelastic deficiency, it is difficult 
to determine the exact etiology, leading our group to suggest the 
concept of “spectrum of degenerative mitral valve disease.” The 
mechanism of MR is often leaflet prolapse (type II dysfunction) 
resulting from chordae rupture or elongation. Barlow’s disease is 
the most common condition affecting up to 5% of the population 
whereas fibroelastic deficiency is observed with increasing 
 frequency as the age of the population increases.

Barlow’s disease
Barlow’s disease appears early in life, and patients typically have a 
long history of a systolic murmur [3,4]. Most patients who require 
surgery for MR are referred for surgery in their fourth or fifth dec-
ades of life. The valve is billowing with typically thick leaflets and 
with marked excess tissue (Figure  63.3a). The chordae are thick-
ened, elongated, and may be ruptured. Papillary muscles are also 
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occasionally elongated. The annulus is dilated and sometimes 
 calcified. Most patients with Barlow’s valve present with the 
 prolapse of multiple segments of the valve. Bileaflet prolapse is pre-
sent in about 30% of patients. Histologically, there is extensive myx-
oid degeneration with destruction of the normal three‐layer leaflet 
tissue architecture.

Fibroelastic deficiency
Fibroelastic deficiency is most common in elderly patients 
(>65 years) with a relatively short history of MR [4]. Valve analysis 
typically shows transparent leaflets with no excess tissue except in 
the prolapsing segment, and elongated, thin, frail, and often rup-
tured chordae (Figure 63.3b). The annulus is often dilated, and may 
be calcified. Most these patients present with isolated P2 prolapse. 
An important feature of fibroelastic deficiency is the development 
of secondary lesions at the level of prolapsing segment with myxoid 
degeneration, excess tissue, and leaflet thickening which may enter-
tain the confusion with the diagnosis of Barlow’s disease on echo-
cardiography or histologic analysis.

Anterior lea�et

Posterior
commissure

Posterior lea�et

Anterior
commissure

A1

A2

A3
P1

P2

P3

Figure 63.2 Segmental valve analysis. Source: Carpentier A, et al. 
2010 [14]. Copyright 2010 Saunders/Elsevier.

Table 63.1 Pathophysiologic triad.

Dysfunction Lesions Etiology

Type I
Normal leaflet motion

Annular dilatation
Leaflet perforation/tear

Dilated cardiomyopathy
Endocarditis

Type II
Excess leaflet motion
(leaflet prolapse)

Elongation/rupture chordae

Elongation/rupture of papillary muscle

Degenerative valve disease
Fibroelastic deficiency
Barlow’s disease
Marfan disease

Endocarditis
Trauma
Ischemic cardiomyopathy

Type IIIa
Restricted leaflet motion
(Diastole and Systole)

Leaflet thickening/retraction
Leaflet calcification
Chordal thickening/retraction/fusion
Commissural fusion

Rheumatic heart disease
Carcinoid heart disease

Type IIIb
Restricted leaflet motion
(Systole)

Left ventricular dilatation/aneurysm
Papillary muscle displacement
Chordae tethering

Ischemic/Dilated
cardiomyopathy

Type I Type II Type IIIa Type IIIb

Figure 63.1 Carpentier’s functional classification. Source: Carpentier A, et al. 2010 [14]. Copyright 2010 Saunders/Elsevier.
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Marfan’s disease
Marfan’s disease with MR is characterized by excess leaflet tissue, 
which can be thickened (without myxoid degeneration), and a 
dilated annulus that is rarely calcified [5].

Surgical indications
In patients with degenerative mitral disease, the very low operative 
mortality (less than 0.5%) and morbidity combined with the  excellent 
long‐term results of mitral valve reconstruction have  considerably 
modified the indications of surgery during the last decade.

Several variables such as clinical symptoms, atrial fibrillation, 
severity of MR, left ventricular ejection fraction, left ventricular end‐
systolic diameter, pulmonary hypertension, and the overall surgical 
risk profile (age, comorbid factors) should be taken into considera-
tion for decision‐making with regard to the indications of surgery.

All symptomatic patients with moderate to severe MR should be 
referred for surgical intervention. It is preferable to operate on 
patients early in their symptomatic course, as long‐term survival 
following mitral valve reconstruction is less favorable in patients 
with New York Heart Association Class III or IV symptoms or left 
ventricular ejection fraction <60%. It is important to stress that 

in patients with degenerative mitral disease with New York Heart 
Association Class I or II and ejection fraction >60%, the life 
 expectancy following mitral valve reconstruction is similar to that 
of an age- and gender‐matched general population. As Carpentier 
stated, “following valvular reconstruction most patients with 
 degenerative valve disease are cured for the rest of their lives.”

Patients with mild to moderate degrees of MR in the presence of 
symptoms will often be found to have increased MR or inadequate 
increase in ejection fraction on stress echocardiography and should 
also be considered for surgical treatment.

Asymptomatic patients with left ventricular dilatation (left ven-
tricular end‐systolic diameter >45 mm), decreased ejection fraction 
(<60%), atrial fibrillation or pulmonary hypertension (pulmonary 
artery systolic pressure >50 mmHg at rest or >60 mmHg with 
 exercise) should also be referred for elective mitral valve surgery. 
When following patients with asymptomatic moderate to severe 
MR, one should pay particular attention to serial ejection fraction, 
as a drop to <60% confers poorer long‐term survival even with 
 successful mitral valve reconstruction.

The decision to refer or accept an asymptomatic patient for 
mitral valve surgery should also take into consideration one 
important factor, which is the likelihood of valve reconstruction 

(a)

(b)

Figure 63.3 (a) Barlow’s disease. (b) Fibroelastic deficiency.
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which depends mainly on: (i) the etiology of MR (Barlow’s disease 
vs. fibroelastic deficiency); and (ii) surgeon’s skill and experience 
in valve reconstruction. For example, patients with Barlow’s dis-
ease and bileaflet prolapse, which often require a complex opera-
tive procedure, should be referred to centers where reconstructive 
surgery can be performed with a great certainty.

Principles of mitral valve surgery
Perioperative management
Standard techniques of monitoring (e.g., arterial line, central 
venous access, Foley catheter) are used in patients undergoing 
mitral valve reconstructive surgery. A Swan–Ganz catheter should 
be placed in cases of complex mitral valve reconstructive surgery, 
multivalve surgery, combined mitral and coronary artery bypass 
grafting (CABG) surgery, and in patients with increased operative 
risk (e.g., left ventricular dysfunction, pulmonary hypertension, 
reoperation). Initially, a transesophageal echocardiography (TEE) 
should be performed in all patients. TEE is important to determine 
the mechanism and severity of MR, to assess left ventricular 
 function, quality of reconstruction, and de‐airing of the cardiac 
cavities at the completion of the procedure. An external defibrilla-
tor is placed in reoperation and minimally invasive approaches. 
A double lumen endotracheal tube is necessary in right thoracot-
omy incisions [6]. An epiaortic scanning of the ascending aorta is 
recommended in elderly patients with associated atherosclerotic 
risk factors, and those undergoing a combined mitral valve and 
CABG surgery prior to arterial cannulation.

Surgical incisions and cardiopulmonary bypass
A small skin incision and a midline sternotomy remain the most 
commonly performed surgical approach in mitral valve reconstruc-
tive surgery. It provides an excellent access to all cardiac structures 
allowing for central cannulation using the ascending aorta and the 
superior and inferior vena cava.

Mini‐invasive, direct vision mitral surgery is performed through 
the partial upper or lower hemisternotomy. A 6 cm skin incision is 
performed in both cases. The sternum is partially divided from the 
sternal notch to the left fourth intercostal space (upper hemister-
notomy) and from the xyphoide to the second right intercostal 
space (lower hemisternotomy) [7]. Central arterial and venous 
cannulations are often possible with these approaches. Video‐
directed [8] and robotic mitral valve surgeries are performed 
through a right mini‐thoracotomy at the fourth intercostal space. 

Multiport access is obtained by additional keyhole incisions. 
Peripheral vessels are used to initiate cardiopulmonary bypass. 
Additional adjunctive techniques such as port access instrumenta-
tion, CO2 insufflation, and vacuum‐assisted venous drainage are 
frequently used to facilitate these surgical procedures.

Myocardial protection is achieved with intermittent antegrade or 
a combined antegrade and retrograde administration of high potas-
sium cold blood cardioplegia. Further myocardial protection can be 
obtained by moderate systemic hypothermia at 28–30 °C. The myo-
cardial temperature should be assessed continuously during the 
procedure and maintained below 15 °C. If it exceeds 15°, additional 
administration of cardioplegic solution is necessary.

Mitral valve exposure and intraoperative valve analysis
Perfect exposition of the mitral valve is essential before undertak-
ing  mitral valve reconstructive surgery. We favor the interatrial 
approach through the Sondergaard’s groove. The interatrial groove 
is incised and the two atria are dissected and divided up to the fossa 
ovalis. This dissection exposes the roof of the left atrium, which is 
opened close to the mitral valve [2]. In patients with a small left 
atrium, the inferior extension of the left atrial incision between the 
right inferior pulmonary vein and inferior vena cava optimizes the 
mitral valve exposure.

The entire mitral valve apparatus must be carefully examined to 
confirm the mechanism of MR, to assess the feasibility of recon-
struction, and to plan the exact operative strategy. The endocardium 
of the left atrium is examined for jet lesions, which indicate opposite 
leaflet prolapse. The mitral annulus is examined to assess the sever-
ity of annular dilatation, and the presence and extent of calcification. 
The valvular apparatus is examined with a nerve hook in order to 
assess the severity and the extent of leaflet prolapse according to the 
segmental valve analysis [2]. The anterior paracommissural scallop 
of the posterior leaflet (P1) is often intact and rarely prolapsing in 
patients with degenerative disease. The P1 segment constitutes the 
reference point [2]. Applying traction to the free edge of other valvu-
lar segments and comparing them to P1 determines the severity and 
the extent of leaflet prolapse.

Fundamentals of mitral valve reconstructive surgery
The goals of reconstructive surgery are preservation or restoration 
of normal leaflet motion, creation of a large surface of coaptation, 
and stabilization of the entire annulus with a remodeling annulo-
plasty (Figure  63.4) [1]. Current surgical techniques allow sur-
geons to perform reconstructive surgery in almost all patients 

(a) (b) (c)

Figure 63.4 Principles of reconstructive surgery. Source: Carpentier A, et al. 2010 [14]. Copyright 2010 Saunders/Elsevier.
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with  degenerative mitral disease, provided that these guidelines 
are  followed carefully.

Posterior leaflet prolapse
Limited posterior leaflet prolapse is best treated by a triangular 
resection. Extensive posterior leaflet prolapse is treated by a quad-
rangular resection of the prolapsed area. Stay sutures are placed 
around the normal chordae in order to determine the prolapsed 
area. The prolapsed segment is then removed by performing a per-
pendicular incision from the free edge toward the annulus, resect-
ing a quadrangular portion of the leaflet. Plication sutures are 
placed along the posterior annulus in the resected area. Finally, 
direct sutures of the leaflet remnants restore valve continuity with-
out tension (Figure 63.5).

When excessive posterior leaflet tissue is present, such as in 
Barlow’s disease, it is important to reduce the height of the posterior 
leaflet to less than 15 mm to prevent postoperative systolic anterior 
motion (SAM) [9]. A sliding leaflet technique is performed follow-
ing quadrangular resection. The P1 and P3 segments are detached 
from the annulus; compression sutures are then placed in the poste-
rior segment of the annulus. A sliding plasty of the P1 and P3 seg-
ments is performed and the gap between the two scallops is closed 
with interrupted sutures. In Barlow’s valve with significant excess 
tissue of posterior leaflet, an additional triangular resection at the 
base of P1 and P3 may be necessary prior to proceeding with the 
sliding leaflet plasty.

Sliding plasty is also indicated if a large segment of the posterior 
leaflet is resected. Plication of a large segment of the posterior 

annulus must be avoided because of the increased risk of circumflex 
artery kinking.

Anterior leaflet prolapse
Several techniques are described to correct anterior leaflet prolapse 
depending upon the extent of the prolapse and the lesions responsi-
ble (chordae elongation versus rupture).

Triangular resection
Limited prolapse of the anterior leaflet with excess tissue can be 
treated by a small triangular resection of the prolapsed area fol-
lowed by direct closure with interrupted monofilament sutures. The 
triangular resection must not be extended to the body of the ante-
rior leaflet and should not involve more than 10% of the anterior 
leaflet surface area. Large resection of the anterior leaflet distorts 
the geometry and reduces the coaptation area. In addition, it com-
promises leaflet mobility considerably and is incriminated as a risk 
factor for repair failure.

Chordae transposition
Chordae transposition from the secondary position to the free mar-
gin of the anterior leaflet is the most preferable technique. A strong 
and normal secondary chordae adjacent to the prolapsing area is 
identified. This chordae is detached at 2 mm from its origin on the 
body of the anterior leaflet. If the chordae is cut at its base, this will 
likely cause leaflet perforation. It is then attached to the free margin 
of the anterior leaflet in the prolapsed area with a figure‐of‐eight 
suture. In case of a large prolapsed area, several secondary chordae 

(a)

(c) (d) (e)

(b)

Figure 63.5 Posterior leaflet quadrangular resection with annular plication. Source: Carpentier A, et al. 2010 [14]. Copyright 2010 Saunders/
Elsevier.
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should be transferred to the free margin with a maximum 5 mm 
interval between two adjacent chordae.

In the absence of normal secondary chordae, chordae transposi-
tion from the posterior leaflet to the anterior leaflet should be con-
sidered. If marginal chordae of the posterior segment opposite to 
the prolapsed area of the anterior leaflet is normal, it can be used for 
chordae transposition. A small segment of the posterior leaflet with 
its marginal chordae is detached and then reattached to the free 
margin of the anterior leaflet at the site of prolapse. Interrupted 
sutures are used to close the defect in the posterior leaflet.

If these two techniques can not be applied, the use of artificial 
chordae is a valuable alternative.

Papillary muscle sliding plasty
This technique is convenient for anterior leaflet prolapse caused by 
elongation (<5 mm) of multiple chordae arising from a papillary 
muscle. The portion of the papillary muscle supporting the elon-
gated chordae is split longitudinally and re‐sutured to the other 
portion at a lower level. This downward displacement of papillary 
muscle corrects leaflet prolapse.

Papillary muscle shortening
Papillary muscle elongation or chordae elongation involving a 
group of chordae can also be treated by papillary muscle shorten-
ing. A triangular wedge at the base of the papillary muscle is 
resected. This defect is then closed by direct suture resulting in a 
reduced height of the papillary muscle and correction of chordae 
length. Papillary muscle shortening not only corrects the leaflet 
prolapse, but also reduces considerably the billowing of the leaflet 
body. This procedure is typically indicated in Barlow’s disease with 
bileaflet prolapse.

Commissural prolapse
Commissural prolapse is best treated by resection of the prolapsed 
area followed by annular plication (limited prolapse) or sliding 
plasty of the paracommissural area (extensive prolapse) (e.g., A1 
and P1 sliding plasty for anterolateral commissural prolapse). 
Additional inverting sutures should be placed in the newly created 
commissure in order to avoid residual minimal regurgitation. 
Occasionally, a patient presents with a papillary muscle with two 
heads. The rupture of one head can lead to commissural prolapse, 
which can be corrected by reattachment of the latter to the remnant 
papillary muscle. If extensive commissural and paracommissural 
prolapse resulting from chordae elongation are present, papillary 
muscle sliding plasty or papillary muscle shortening are valuable 
alternative options.

Remodeling ring annuloplasty
In patients with a normal mitral valve, the ratio between anteropos-
terior (septolateral) and transverse diameter of the mitral annulus is 
3 : 4 during systole. This ratio is inverted in patients with degenera-
tive mitral valve disease and annular dilatation [1]. The remodeling 
ring annuloplasty restores the physiologic ratio with maximal 
 orifice area during systole. Therefore the prosthetic ring restores 
not only the size, but also the shape of the annulus. Remodeling 
annuloplasty provides increased leaflet coaptation area without 
causing any valvular stenosis. Furthermore, it prevents late annular 
dilatation and preserves leaflet mobility. Appropriate ring sizing is 
based on the intercommissural distance and the surface area of 
the anterior leaflet, measured with an obturator (Figure 63.6). If the 
surgeon hesitates between two sizes, in patients with degenerative 

valve disease the selection of the greater size is recommended in 
most instances [2]. In Barlow’s valve, the typical size of the pros-
thetic ring is 36–40 mm [10]. The choice of a too small ring increases 
significantly the risk of post‐repair SAM [11].

Sutures are placed circumferentially through the mitral annulus. 
These sutures are equally spaced in the area between the two com-
missures and the corresponding segment of the selected prosthetic 
ring. In the remaining portion of the annulus, the spacing is set to 
conform the annulus to the shape and size of the prosthetic ring. 
When the ring sutures are tied, the ring reshapes the annulus in its 
normal systolic position.

Saline test and post bypass TEE
The quality of the repair must be evaluated at the completion of the 
reconstruction and before tying the ring to the annulus with a 
saline test. Saline is injected into the ventricular cavity through the 
mitral valve with a syringe while the aortic root is vented to pre-
vent air emboli into the coronary arteries. A symmetric line of 
coaptation, parallel to the posterior aspect of the annulus, and at 
distance from the left ventricular outflow tract (3/4 to 1/4 ratio of 
anterior to posterior leaflet) indicates a satisfactory result. An 
asymmetrical line of coaptation indicates the presence of residual 
leaflet prolapse or restricted leaflet motion, which must be cor-
rected. If the posterior leaflet occupies half or more of the orifice 
area its height should be reduced (less than 15 mm) to minimize 
the risk of SAM. Two hooks should also be used to determine the 
length of the coaptation which is ideally greater than 10 mm. At the 
completion of cardiopulmonary bypass, the quality of reconstruc-
tion is assessed by TEE. This examination should carefully evaluate 
leaflet motion, the competency of the valve and rule out the 
 presence of post‐valvuloplasty SAM in patients with excess leaflet 
tissue. In the presence of residual regurgitation, TEE is crucial to 
determine the severity and the mechanism of regurgitation which 
can justify a second look. No patient should leave the operating 
room with more than 1+ residual MR. In patients with ≥2+ MR, a 
second bypass run is necessary to reanalyze the valve and correct a 
residual valvular dysfunction.

Figure 63.6 Ring selection based on sizing of the mitral valve: 
(i) measure of inter‐commissural distance, (ii) measure of the anterior 
leaflet surface area.
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Results
Patients with degenerative mitral valve disease are the most suitable 
for reconstructive surgery [12–14]. Operative mortality in this 
group of patients is less than 0.5% in experienced centers [10] with 
a repair rate of near 100% [13]. In patients with severe MR, recon-
structive surgery should be carried out before the occurrence of 
clinical symptoms, atrial fibrillation, pulmonary hypertension, and 
left ventricular dysfunction or enlargement.

The long‐term survival of patients with preserved left ventricular 
function following reconstructive surgery is similar to that of an age 
and gender‐matched population.

Our group was among the first to publish the very long‐term 
results (>20 years) of mitral reconstructive surgery [12]. This obser-
vational study, which consisted of 162 consecutive patients operated 
on between 1970 and 1984, was mostly composed of patients with 
degenerative disease (90%). The main mechanism of MR was type II 
dysfunction in 152 (94%) patients. Posterior, anterior, and bileaflet 
prolapse were present in 93 (61%), 28 (19%), and 31 (20%) patients, 
respectively. All patients underwent annuloplasty; valve resection 
was done in 126 patients, and shortening or transposition of the 
chordae in 46 patients. The linearized rate of reoperation was 0.4% 
per patient year. Freedom from reoperation was 97%, 86%, and 83% 

for posterior, anterior, and bileaflet prolapse, respectively, at 20 years 
(Figure 63.7). The increased rate of early reoperation in the anterior 
leaflet prolapse group was attributed to technical failure. The wide-
spread use of intraoperative TEE and improved surgical techniques 
(chordae transposition) have most likely contributed in reducing the 
incidence of early failure in the last two decades. However, the free-
dom from reoperation was unchanged at 10, 20, and 25 years of 
 follow‐up. These excellent and stable results confirm the predictability 
and durability of mitral valve reconstruction in degenerative disease. 
Today, reconstructive valve surgery allows patients to enjoy a normal 
life and to be cured for the rest of their life [14].

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Percutaneous mitral valve repair has emerged as an alternative to 
surgery for patients with significant symptomatic mitral regurgita-
tion (MR) and prohibitive risk for surgical mitral repair or 
 replacement. The first MR surgical treatment concept to be adapted 
for percutaneous use was the double‐orifice or edge‐to‐edge repair 
[1]. The surgical technique was developed in the early 1990s [2]. 
The free edges of the mitral leaflets are sewn together along the 
coaptation surface of the mid segments of the anterior and poste-
rior mitral leaflets to create a double orifice valve. This technique 
was used initially for patients with focal anterior leaflet mitral 
 prolapse [3]. The initial description of the surgical technique 
 specifically suggested that “the concept introduced by this type of 
repair can open the perspective of percutaneous correction of MR.”

Percutaneous mitral leaflet repair 
with MitraClip
The edge‐to‐edge repair concept led to the development of the 
MitraClip [4]. This device replicates the surgical repair by mechani-
cally grasping the mitral leaflet free edges. The device is introduced 
into the left atrium via transseptal puncture, positioned and opened 
above the mitral leaflets, passed beyond the leaflets tips into the left 
ventricle (LV), and then slowly pulled back toward the atrium to 
grasp the leaflets (Figure 64.1). The clip is then closed to create a 
double orifice valve, and the effect on reduction of MR is assessed. 
The MitraClip can be reopened and repositioned, or removed 
 completely, up to the point that it is released.

The MitraClip system consists of three major components: a 24‐Fr 
steerable guiding catheter, the clip delivery system (CDS), and the 
MitraClip device. The CDS has a steering mechanism for the clip 
and controls to manage the opening and closing of the clip, the lock, 
and the “gripper,” which is a barbed element to help affix the mitral 
leaflets to the clip arms. The clip is covered in polyester fabric. 
The deployment is completely reversible and it is possible to grasp 
the mitral leaflets and ultimately choose to release them and remove 
the clip safely when needed (Figures 64.2 and 64.3).

The first procedures were carried out in July 2003. After demon-
strating feasibility in the EVEREST I trial [5], the MitraClip was evalu-
ated in a randomized trial comparing the MitraClip with conventional 
surgery for patients deemed good surgical candidates, EVEREST II 

(Figure  64.4) [6]. The majority of the patients randomized in the 
EVEREST II trial were patients with degenerative mitral regurgitation 
(DMR). About one‐fourth had functional MR (FMR).

At 1 year of follow‐up, the major findings of EVEREST II trial 
were that the MitraClip was less successful at reducing MR than 
surgery, but led to similar improvements in favorable LV remode-
ling and clinical outcomes including functional class and quality of 
life scores. Subgroup analysis showed that the patients who derived 
the greatest improvement with MitraClip were older, had FMR, and 
had poor LV function. This latter finding has contributed to the 
broader use of the MitraClip in this clinical setting in global prac-
tice, and the subsequent development of the EVEREST REALISM 
Registry. In the first 6 months after MitraClip therapy in the 
EVEREST II trial, almost 20% of patients required surgery. Almost 
half of these were because of initially unsuccessful procedures with 
an inability to either implant a clip successfully, or inadequate 
reduction in MR. Almost 9% of these patients who had single leaflet 
detachment from the MitraClip device. In this instance, a single 
leaflet is noted to have escaped from the clips typically at the 30‐day 
follow‐up visit. No occurrences of complete embolization occurred 
in this experience. Single leaflet detachment was not associated 
with clinical events, but obviously led to a failure to reduce MR 
adequately. After the initial 6‐month period, when the early proce-
dure failures are noted, comparisons of MitraClip and surgery in 
the EVEREST II randomized trial show equivalent outcomes in 
terms of reoperation, mortality, and LV remodeling.

At 5 years, the outcomes from the MitraClip therapy in EVEREST 
II trial are remarkably stable [7]. The durability of LV remodeling and 
stability of the mitral annular dimensions suggest that after initially 
successful therapy, the procedure results are durable for at least 5 years.

It has been recognized that during this randomized trial, many 
patients who might have benefited from MitraClip had too high 
surgical risk to be enrolled. This led to a high risk registry [8]. 
Ultimately, 351 high risk patients were prospectively enrolled [9].

The global experience with MitraClip in the ensuing decade of 
experience has witnessed a dramatic improvement in acute proce-
dure success with rates approaching 100%. In addition, single leaflet 
detachment now occurs in about only 1% of patients. Thus, most of 
the failures seen in the first 6 months in EVEREST II would not 
occur in current practice.
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(a) (c)
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Figure 64.1 Fluoroscopic images of a MitraClip procedure. (a) A single MitraClip has been advanced into the left ventricle beyond the mitral 
leaflets. The open clip will be pulled back to grasp the leaflets, and then released. (b) After placement of the first clip a second clip is placed. 
(c) Release of the second clip. (d) Final appearance of two clips. Note the transesophageal echocardiography (TEE) probe in all of the images. 
Two clips are placed on the mitral leaflets in about half of cases, and one clip in half.

(a) (b) (c)

(d)

Figure 64.2 The MitraClip System. (a) The partially open MitraClip device is shown without its fabric covering. A fine wire runs through the barbed 
“grippers,” which is used to raise the grippers. (b) The device in closed configuration. (c) The MitraClip is attached to the clip delivery system (CDS), 
which protrudes from the steerable guide catheter. (d) Control knobs allow deflection of the guide and CDS to steer the system through the left 
atruim and position the MitraClip above the mitral orifice. Source: Feldman T, Young A. J Am Coll Cardiol 2014; 63: 2057–2068.
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One of the striking findings from the EVEREST II trial is the safety 
of the MitraClip procedure. The procedure can be performed with 
remarkable hemodynamic stability, despite the fact that a large caliber 
device is manipulated in the mitral apparatus of the beating heart. In 
the randomized EVEREST II comparison with surgery, the MitraClip 
procedure was, as anticipated, significantly safer. There was virtually 
no procedure mortality, and the most frequent event was bleeding 
from the access site. Recent global experience with the device in high‐
risk patients has reinforced the safety profile of the therapy. Recent 
meta‐analysis in over 3000 patients with an estimated STS risk of 10% 
or greater showed a 30‐day mortality of only 3.3%, and a stroke rate 
of 1.1% within 30 days [10]. In the EVEREST REALISM high risk 
DMR subset, the actual 30‐day mortality was 6.3% compared to a 
predicted mortality for this patient group with multiple comorbidities 
of >13% [11]. In the meta‐analysis, the number of ICU days and 

 hospital stay were significantly shorter than in matched surgical 
patients. In fact, in the contemporary experience with the therapy, 
over 85% of patients are typically  discharged directly to home with-
out need for rehabilitation or an extended hospital stay, despite 
 significant age and comorbidities [12].

MitraClip has been widely used internationally since CE Mark 
approval in 2008, based on the EVEREST I feasibility trial. The path 
to FDA approval has been significantly more protracted. Approval 
ultimately came from a subanalysis of the REALISM High Risk 
Registry. Of the 351 patients in the registry, a total of 127 patients 
were thought to have both prohibitive risk for surgery and DMR as 
the underlying etiology for their MR. These patients were selected by 
a panel of cardiovascular surgeons who felt that they had prohibitive 
risk for mitral valve surgery. The resultant population had a mean age 
of 82 years and a STS mortality risk of 13%. They had multiple 
comorbidities including coronary artery disease in 73%, prior cardio-
vascular surgery in 48%, atrial fibrillation in 71%, diabetes in 30%, 
and moderate to severe renal disease in 28%. Despite this very aged 
and complex population, the average hospital length of stay was only 
2.9 days. Eighty‐seven percent of these patients were discharged 
directly home. The safety of the procedure was reflected in a 30‐day 
observed mortality of 6.3%, which is significantly lower when com-
pared with the predicted mortality of 13.2%. The most important 
finding from this analysis was a reduction in hospitalizations for 
heart failure in the year after MitraClip therapy compared to the year 
prior, with a 73% decrease in the re‐hospitalization rate (Figure 64.5). 
This led to the FDA approval of the MitraClip system in October 
2013. The indication for use of the MitraClip delivery system is for 
the “percutaneous reduction of significant symptomatic MR due to 
primary abnormality of the mitral apparatus (degenerative MR) in 
patients who have been determined to have a prohibitive risk for 
mitral valve surgery by a heart team, which includes a cardiac  surgeon 
experienced in mitral valve surgery and a cardiologist experienced in 
mitral valve disease, and in whom existent comorbidities would not 
preclude the expected benefit from reduction of the MR.” The 
approved indication is thus for prohibitive surgical risk patients with 
DMR. In the first year after approval of the device in the USA, about 
800 procedures were performed at almost 70 sites.

Figure 64.3 To introduce the clip, the Clip Delivery System (CDS) is advanced through the guide into the left atrium (left). Under  echocardiographic 
and fluoroscopic guidance, the clip is aligned perpendicular to the valve plane, with the clip arms perpendicular to the line of coaptation. It is then 
advanced into the left and then slowly retracted to grasp the leaflets (right). The clip is closed (right, inset), and if reduction of mitral regurgitation is 
satisfactory, it is released. Source: Feldman T, Young A. J Am Coll Cardiol 2014; 63: 2057–2068. Artwork by Craig Skaggs.
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While the labeled indication for use in the USA is for DMR, the 
preponderance of global use of the MitraClip is among patients 
who have FMR. As FMR is a disease of the LV, most commonly in 
high surgical risk patients and often associated with ischemic LV 
dysfunction, treating the FMR without addressing the underlying 
LV dysfunction might not have a favorable impact on mortality. 
The benefit in this setting has yet to be shown in randomized trials. 
Observational and retrospective surgical series have shown mixed 
results from mitral repair. There has been favorable LV remodeling 
in some studies, but also high rates of recurrent MR and no impact 
on mortality. In addition, the commercial international experience 
with MitraClip for FMR has been accrued without a systematic 
approach for patient selection. Therefore, the reports on this expe-
rience are from heterogenous groups, including mixed etiologies 
and widely varied levels of LV systolic function. The EVEREST II 
randomized trial subgroup analysis showed the best outcomes in 
patients with older age, poor LV function, and functional MR. 
This might have driven the preponderance of use in this setting in 
clinical practice. Nonetheless, the benefit of MitraClip compared 
with optimal medical therapy including cardiac resynchronization 
therapy has not been studied in a randomized clinical trial. For this 
reason, the FDA has not approved its use in this setting.

The benefit of the MitraClip in patients with FMR is being 
 evaluated in the Clinical Outcomes Assessment of the MitraClip 
Percutaneous Therapy for High Surgical Risk Patients (COAPT) 
trial in the USA. The COAPT trial will randomize 430 patients in a 
1 : 1 comparison of MitraClip with guideline‐directed medical ther-
apy. The safety endpoint is the composite of death, stroke, worsen-
ing renal function, left ventricular assist device (LVAD) implant, or 
heart transplant at 12 months. The primary effectiveness endpoint 
is recurrent heart failure hospitalizations. Enrollment started in 
2013 and is currently ongoing.

Percutaneous indirect and direct 
annuloplasty
While the MitraClip therapy has been used in more than 18,000 
patients worldwide, several other percutaneous repair technologies 
are at an earlier stage of development. Currently, approaches that 

include direct and indirect annuloplasty make up the other entrants 
into the percutaneous mitral repair field. Indirect annuloplasty can 
be accomplished with the Carillon Mitral Contour System (Cardiac 
Dimensions, Inc., Kirkland, Washington, USA). This is the next 
most frequently used mitral repair technology after MitraClip. 
Indirect annuloplasty is performed via device placement in the 
coronary sinus. The device is a wire structure made of nitinol. One 
of the most attractive features of this approach is the ease of use. 
A 9‐Fr guide catheter is placed in the coronary sinus via internal 
jugular venous access. A left coronary catheter is used for monitor-
ing of the left coronary system for potential circumflex branch com-
pression during device insertion. Transesophageal echocardiogram 
is utilized to assess the effect of device cinching on MR during the 
procedure. The distal anchor is released in the distal coronary sinus, 
and then the guide catheter is pulled back to cinch the coronary 
sinus and shorten the posterior annular circumference. Assessments 
of coronary circulation and reductions in MR can be made at that 
point. If the results appear satisfactory, the device can be released 
(Figure 64.6).

Two prospective registries, TITAN I and II, have been evaluated 
[13]. The findings suggest significant reductions in indices of MR 
severity, and improvements in LV chamber dimensions and 
 clinical parameters such as New York Heart Association (NYHA) 
Functional Class and 6 minute walk test. One of the concerns with 
this device is compression of the circumflex coronary branches, 
because the coronary sinus frequently crosses over these vessels 
[14]. While this limited the therapy during early experience, it 
appears that in most cases the position of the device can be adjusted 
to relieve coronary compression. Among patients with functional 
MR, approximately 90% are good candidates for this therapy based 
on their anatomy. A unique observation with Carillon in the TITAN 
trials is progressive improvements in MR reduction and LV 
 chamber dimensions over the first year after device implantation, 
with associated improvement in  clinical status. This observation 
needs to be verified in a larger trial. There have been no direct com-
parisons of Carillon with MitraClip, but overall the reductions in 
MR and improvements in clinical status with Carillon seem similar 
to the outcomes seen with MitraClip.

Several technologies implant a device directly into the mitral 
annulus to reduce the annulus circumference. Access to the annulus 
can be either antegrade through transseptal puncture or retrograde 
through the aortic valve and LV.

The Mitralign Percutaneous Annuloplasty System (Mitralign, 
Tewksbury, MA, USA) is predicated on surgical annular suture 
 plication [15]. A deflectable transaortic catheter is advanced to the 
LV and used to deliver pledgeted anchors through the posterior 
annulus (Figure  64.7). These anchors can be tethered together 
resulting in a segmental posterior annuloplasty to shorten the 
annulus up to 17 mm. In 15 patients treated in a phase 1 trial, the 
1‐year results demonstrated at least 1+ MR reduction that was 
 associated with improved NYHA function class and reduction in 
tenting area and depth. A CE approval trail has completed enroll-
ment and is awaiting follow‐up.

The Accucinch system (Guided Delivery Systems, Santa Clara, 
CA, USA) is based on suture annuloplasty. A retrograde femoral 
arterial approach to gain access to the LV aspect of the mitral 
annulus is used. A catheter is placed under the posterior mitral 
leaflet next to the anterior trigone, adjacent to the annular tissue 
beneath the valve (Figure  64.8). Using this catheter, up to 20 
anchors can be placed from the anterior to posterior commissures 
along the posterior mitral annulus. These anchors are connected 
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Figure 64.5 Heart failure hospitalizations were reduced by 73% after 
MitraClip, comparing the year prior with the year after treatment. 
Source: Lim DS, Reynolds MR, Feldman T, et al. 2014 [11].



Figure 64.6 Coronary sinus annuloplasty: the Cardiac Dimensions Carillon Device: The guide catheter is introduced through jugular venous 
access. The device is delivered in the distal coronary sinus andf the distal anchor is released (left), and then the guide catheter is pulled back 
to release the proximal anchor in the coronary sinus ostium. The wireform, made of nitinol wire, after release in the coronary sinus (right). 
Cinching of the mitral annulus results in compression of the septal–lateral dimension and thus the regurgitant orifice. Source: Feldman T, 
Young A. J Am Coll Cardiol 2014; 63: 2057–2068. Artwork by Craig Skaggs.

(a)

(c)

(b)

Figure 64.7 Mitralign annular plication: (a) shows the retrograde guide catheter in the LV, with the distal catheter tip under the mitral annulus, 
behind the posterior leaflet (arrow). A wire has been passed from the left ventricle (LV) through the annulus and into the left atrium (LA) in (b). 
Two pairs of wires are used to place pledgets near both commissures, shown from the left atrial side in (c). The pledgets are drawn together 
(arrows) to decrease the mitral annular circumference. Source: Feldman T, Young A. J Am Coll Cardiol 2014; 63: 2057–2068. Artwork by 
Craig Skaggs.
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by a suture that can plicate the annulus to reduce the mitral annu-
lar circumference and MR.

The Cardioband (Valtech, Or Yehuda, Israel) most closely resem-
bles a surgical annuloplasty ring [16]. It utilizes transseptal percuta-
neous placement of a series of small corkscrew anchors on the atrial 
side of the left atrium by transesophageal echocardiogram. 
The anchors are connected by a Dacron sleeve that can be subse-
quently tensioned and reduce the mitral annular circumference 
(Figure  64.9). Preclinical studies in a swine model have shown 
excellent outcomes in short term and up to 90 days. Early results in 
patients are promising and a CE approval trial is underway.

Another developing technique is chordal replacement. This is 
challenging to accomplish by completely percutaneous methods, 
and early work has been via LV apical access during a beating heart 
surgery [17,18].

Transcatheter mitral valve replacement
Transcatheter mitral valve replacement (TMVR) as a therapy for 
FMR is also developing, with several different devices having first 
in human experience in the last 2 years. The effort to develop 
TMVR is just beginning, with the total number of treated patients 
in low double‐digits at the time of this writing. Early experience 
with valve‐in‐valve implants of transcatheter aortic valve replace-
ment (TAVR) devices for degenerated mitral bioprosthetic valves 
and native calcific mitral stenosis have demonstrated proof of con-
cept for TMVR [19,20]. The obvious appeal of replacement is the 
elimination of residual MR and the potential for recurrence of MR 
that is common with percutaneous repair devices. The challenges 
facing development of these devices include larger area and asym-
metrical “D” shape of the mitral valve, lack of calcium for anchor-
ing, and more complicated delivery route compared to TAVR. The 
large mitral area and annuls diameter necessitates bulkier, larger 
profile devices. Anchoring requires special valve frame features 
dedicated to the purpose. Delivery in the early development 
has been mostly transapical, with the hope that transseptal delivery 
will eventually be most frequent. The question is often asked: will 
 transcatheter mitral replacement eliminate the need for repair 
approaches? Transcatheter mitral repair and replacement interven-
tions will become complementary solutions to accommodate the 
variability of the disease. Algorithms for patient‐specific approach 

Figure 64.8 Direct annuloplasty: the Guided Delivery Systems 
Accucinch device is delivered through retrograde catheterization of 
the left ventricle (top). The arrows highlight the separation of the 
leaflet edges, which define the regurgitant orifice. Anchors are placed 
in the posterior mitral annulus and connected with a “drawstring” to 
cinch the annular circumference. When the cord is tightened the 
basilar myocardium and annulus draw the mitral leaflets together to 
decrease the regurgitant orifice (bottom). Source: Feldman T, Young 
A. J Am Coll Cardiol 2014; 63: 2057–2068. Artwork by Craig Skaggs.

(a) (b)

Figure 64.9 Valtech CardioBand. (a) A transseptal guide catheter delivering the annuloplasty ring in segments. Each segment is sequentially 
anchored into the annulus. (b) The final annuloplasty ring encircling the posterior leaflet. Source: Feldman T, Young A. J Am Coll Cardiol 2014; 
63: 2057–2068. Artwork by Craig Skaggs.
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will evolve as outcomes in the several patient subpopulations 
become available. Imaging screening and guidance will have a 
 fundamental role in determining the relative role of these proce-
dures in the future.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Although the prevalence of rheumatic fever has greatly decreased in 
the Western world, mitral stenosis (MS) still results in significant 
morbidity and mortality especially in developing countries. 
Rheumatic heart disease is responsible for valvular MS in nearly 
almost all cases. MS occurs when stenosis of the valve occurs from 
leaflet thickening, commissural fusion (Figure  65.1), and chordal 
shortening or fusion restricting blood flow from the left atrium to the 
left ventricle during diastole. This ultimately results in increased 
 pulmonary capillary wedge pressure, an elevated pulmonary vascular 
resistance, and right ventricular dysfunction. Echocardiography has a 
major role in decision‐making for MS, allowing confirmation of 
diagnosis, quantification of stenosis severity and its hemodynamic 
consequences, and guides management options.

Anatomic considerations
The mitral valve (MV) apparatus is a complex structure consisting 
of annulus fibrosus, mitral leaflets, chordae tendinae, papillary 
muscles, and the posterior wall of the left ventricle. All these com
ponents should be considered functionally as a single unit, because 
derangements of any one can affect overall MV performance.

The normal mitral valve area (MVA) is 4.0–6.0 cm2. An MVA of 
>1.5 cm2 usually does not produce symptoms. As the severity of MS 
increases, cardiac output becomes subnormal at rest and fails to 
increase during exercise. This is the main reason for considering 
MS significant when MVA is ≤1.5 cm2. When the MVA is reduced 
to 1.5 cm2 or less, symptoms become severe and complications 
develop.

Balloon mitral valvuloplasty
Historical aspect
The treatment of MS has been revolutionized since the development 
of balloon mitral valvuloplasty (BMV). In 1982, Kanji Inoue, a 
Japanese cardiac surgeon, first developed the idea that a degenerated 
mitral valve could be inflated using a balloon with differential compli
ance [1]. In India, Lock et al. [2] first reported the use of a cylindrical 
balloon for mitral valvuloplasty. Subsequently, the idea of a double‐
balloon technique was introduced from Saudi Arabia [3] as a potential 
alternative method for balloon commissurotomy. The double balloon 

technique requires that two guidewires be  positioned in the left 
 ventricular apex, through which two floating balloon catheters are 
then advanced across the mitral valve orifice. However, the double‐
balloon technique is technically more demanding and thus often 
requires a longer procedure time, which can lead to inadvertent 
 complications. The guidewire positioned in the left ventricular apex 
sometimes induces perforation of the apex, leading to cardiac 
 tamponade. Therefore, Inoue’s single‐balloon technique has become 
the most popular method for performing BMV in most parts of the 
world. The mechanism of BMV is the same as the already abandoned 
closed mitral commissurotomy [4]. Pathologic studies have disclosed 
that the main mechanism of successful BMV is a split of the commis
sures. Before 1984, when Inoue et al. [1] first described the clinical 
application of percutaneous BMV, surgical mitral commissurotomy 
was the preferred option for  patients who had severe MS. Since 
its  introduction, percutaneous mitral commissurotomy has demon
strated good immediate and mid‐term results [5,6] and has replaced 
surgical mitral commissurotomy as the preferred treatment of 
 rheumatic MS in appropriate candidates.

Indications and recommendations 
for percutaneous balloon mitral 
valvuloplasty
Indications for BMV have been formulated by the American 
College of Cardiology (ACC) and the American Heart Association 
(AHA) [7,8].

Class I recommendations
1 BMV is recommended for symptomatic patients with severe MS 

(mitral valve area ≤1.5 cm2, stage D) and favorable valve morphology 
in the absence of left atrial thrombus or moderate–severe mitral 
regurgitation (MR) (level of evidence A).

2 BMV is effective for asymptomatic patients with moderate or 
severe MS and valve morphology that is favorable for BMV who 
have pulmonary hypertension (pulmonary artery systolic pressure 
greater than 50 mmHg at rest or greater than 60 mmHg with 
 exercise) in the absence of left atrial thrombus or moderate to 
severe MR (level of evidence C).
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Class IIa recommendations
1 BMV is reasonable for asymptomatic patients with very severe MS 

(mitral valve area ≤1.0 cm2, stage C) and favorable valve morphology 
in the absence of left atrial thrombus or moderate–severe MR (level 
of evidence C).

Class IIb recommendations
1 BMV can be considered for asymptomatic patients with severe 

MS (mitral valve area ≤1.5 cm2, stage C) and valve morphology 
favorable for BMV in the absence of left atrial thrombus or 
 moderate–severe MR who have new onset of atrial fibrillation 
(AF) (level of evidence C).

2 BMV can be considered for symptomatic patients with MVA 
greater than 1.5 cm2 if there is evidence of hemodynamically 
 significant MS based on pulmonary artery wedge pressure 
greater than 25 mmHg or mean mitral valve gradient greater 
than 15 mmHg during exercise (level of evidence C).

3 BMV can be considered for severely symptomatic patients (NYHA 
Class III–IV) with severe MS (mitral valve area ≤1.5 cm2, stage D) 
who have a suboptimal valve anatomy and who are not candidates 
for surgery or at high risk for surgery (level of evidence C).

Contraindications
The following are contraindications for BMV (i.e., Class III 
recommendations).
1 BMV is not indicated for patients with mild MS (level of 

 evidence C).
2 BMV should not be performed in patients with moderate–severe 

MR or left atrial body thrombus, bicommissural calcium (level of 
evidence C). However, using a modified over‐the‐wire technique, 
BMV can be safely carried out in patients with types Ia, Ib, and II 
or LA/LAA thrombus after 8–10 weeks of anticoagulation.

peri‐procedural care
Preprocedural planning
Physical examination is an important initial step in assessing the 
pliability of the valve. Accentuation of the first heart sound (S1) 
occurs when the mitral valve leaflets are pliable. Marked calcifica
tion or thickening of the mitral valve leaflets reduces the amplitude 

of S1, probably because of diminished motion of the leaflets. 
The opening snap of the mitral valve is caused by a sudden tensing 
of the valve leaflets after the valve cusps have completed their 
 opening excursion. It is most readily audible at the apex; if present, 
it indicates that the mitral valve has at least some mobility.

The likelihood of hemodynamic benefit and the risk of complica
tions with BMV are predicted by the morphologic features of the 
valve leaflets and subvalvular structures. With rigid, thickened 
valves that exhibit extensive subvalvular fibrosis and calcification, 
results will be suboptimal [7].

Role of echocardiography in BMV: valve assessment 
and case selection
Echocardiography is the primary modality of evaluation for patients 
who are planned for BMV. It is essential for the preprocedural evalu
ation of patients, case selection, intraprocedural monitoring, and the 
post‐procedural assessment and follow‐up (Box 65.1). The primary 
aim of echocardiographic assessment is to find the suitable valve for 
BMV and identify high risk echocardiographic features that may 
result in complications. The echocardiographic scoring system devel
oped by Wilkins et al. [9] is useful for estimating likely outcomes of 
BMV (Table 65.1).

In this system, points are given for leaflet mobility, valve thickening, 
subvalvular thickening, and valvular calcification. The final score is 
determined by adding the points for each of the components 
 (maximum, 16 points). A score of 8 or lower is usually associated with 
excellent immediate and long‐term results for BMV, whereas scores 
higher than 8 are associated with less impressive results, including the 
risk of development of MR. However, in our institution, 30–35% 
patients undergoing BMV have Wilkins scores of 8–12, and this group 
of patients have optimal immediate and long‐term results with 
 comparable complications.

An important factor in determining the suitability of the valve 
for BMV is the presence of commissural calcification, assessed by 
means of a two‐dimensional echocardiography in short‐axis view. 
The presence or absence of severe calcification of one or both 
commissures is an independent determinant of near‐term success 
during the procedure, as well as long‐term outcome [10]. In asym
metric involvement of the commissures, in which one  commissure 
is heavily fibrosed or calcified, splitting can occur in the opposite 
commissure. However, calcification of both commissures is considered 

(a) (b)

Figure 65.1 (a) Transthoracic 2D; and (b) 3D echocardiogram showing thickened mitral valve with bicommissural fusion giving “fish‐mouth” 
appearance.



608 PART III Hypertension and Structural Heart Disease SECTIon III Valvular Heart Disease Interventions

as absolute contraindication for BMV as it poses increased risk of 
 leaflet tear. The presence of predominant subvalvular fibrosis and 
 calcification results in suboptimal results from BMV because it is 
unclear that balloon dilatation is able to split chordal fusion.

Several echocardiographic scoring systems have been proposed as 
a guide to the selection of patients for BMV. Although studies using 
these methods have been shown to correlate with the immediate 
results, no single parameter is able to predict success or complications 
independently. Therefore, these criteria should be used only as a 
guide to the severity of the individual morphologic variables of the 
mitral valve.

BMV is now the procedure of choice for selected MS patients. 
Optimally, a team comprising an interventionalist and a cardiac 
imaging expert collaborates during the preprocedural and peri‐

procedural assessment. Targeted echocardiography not only is 
 critical to the selection of candidates for BMV but also can be of 
great value in guiding the procedure and assessing the results [11]. 
Simultaneous echocardiography (transthoracic, transesophageal, or 
intracardiac echocardiography) directly illustrates the relation of 
the catheter to myocardial structures.

In patients whose anatomy is distorted by an enlarged LA or 
kyphoscoliosis, echocardiography can be used to ensure that the 
catheter crosses the atrial septum at the level of the fossa ovalis. 
Catheter crossing elsewhere can give rise to complications, and 
through the muscular portion of the septum can result in difficult 
manipulation of the balloon catheter into left ventricle. Echo
cardiography is useful for directing the catheter across the mitral 
valve; the balloon initially tends to position itself toward the lateral 
annulus in the left atrium. Finally, hemodynamic evaluation of the 
transmitral gradient and the severity of MR is easily performed by 
means of Doppler echocardiography [11].

patient preparation
Usually, BMV is carried out with the patient under local anaesthesia 
and moderate sedation. The patient remains in the supine position 
during the procedure.

techniques
Approach
Retrograde (transarterial) and antegrade (transvenous) approaches 
to BMV have been described. The retrograde approach eliminates 
the risk of atrial septal defect but carries a risk of potential arterial 
damage; because of its complexity, it has now been largely aban
doned [12]. Currently, the antegrade approach with transseptal 
catheterization is more widely used. It is usually performed through 
the femoral vein or, exceptionally, through the jugular vein [13].

Choice of technique
Double‐balloon technique
In this approach, after transseptal catheterization, a balloon‐tipped 
catheter is advanced into the left ventricle. One or two exchange 
guidewires are advanced through the lumen of the balloon‐tipped 

Table 65.1 Echocardiography scoring system (Wilkins score) to predict outcome of mitral balloon valvuloplasty.

Grade Mobility Thickening Calcification Subvalvular thickening

1 Highly mobile valve with 
only leaflet tips restricted

Leaflets near normal in 
thickness (4–5 mm)

A single area of increased 
echo brightness

Minimal thickening just below the 
mitral leaflets

2 Leaflet mid and base 
portions have normal 
mobility

Midleaflets normal, 
considerable thickening 
of margins (5–8 mm)

Scattered areas of 
brightness confined to 
leaflet margins

Thickening of chordal structures 
extending to one‐third of the 
chordal length

3 Valve continues to move 
forward in diastole, 
mainly from the base

Thickening extending 
through the entire 
leaflet (5–8 mm)

Brightness extending into 
the mid‐portions of the 
leaflets

Thickening extended to distal third 
of the chords

4 No or minimal forward 
movement of the 
leaflets in diastole

Considerable thickening 
of all leaflet tissue 
(>8–10 mm)

Extensive brightness 
throughout much of the 
leaflet tissue

Extensive thickening and shortening 
of all chordal structures extending 
down to the papillary muscles

The total score is the sum of the four items and ranges between 4 and 16.

Box 65.1 Role of two‐dimensional Doppler echocardiography 
in the evaluation of patients undergoing balloon mitral valvotomy.

Preprocedural evaluation:
• Severity of valve disease
• Mitral valve gradient
• Mitral valve area
• Severity of mitral regurgitation
• Left atrial/LA appendage thrombus
• Subvalvular apparatus
• Valvular/commissural calcification
• Interatrial septal bulge/aneurysm
• Associated other valvular disease
• Preprocedural pulmonary artery pressure and right ventricular 

function
During balloon mitral valvotomy: 
• Assistance in transseptal puncture
• Changes in valve area or gradient
• Changes in mitral regurgitation
• Complications (pericardial effusion, tamponade, atrial septal defect, etc.)
Post‐procedural follow‐up and long‐term results:
• Restenosis
• Changes in mitral regurgitation grade
• Residual atrial septal defects
• Pulmonary artery pressure
• Ventricular size and function
• Progress of other valve disease
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catheter and positioned in the apex of the left ventricle or, less 
 frequently, in the ascending aorta.

The balloon‐tipped catheter is withdrawn over the guidewires, 
and the interatrial septum is dilated with the use of a peripheral 
angioplasty balloon (6–8 mm in diameter). Finally, the valvotomy 
balloons (15–20 mm in diameter) are advanced over the guidewires 
and positioned across the mitral valve and dilated [12].

Multitrack technique
Bonhoeffer et al. [14] have described the use of the multitrack system, 
which is a refinement of the double‐balloon technique that employs a 
monorail system requiring only one guidewire. This technique allows 
easier dilatation than the standard technique; however, clinical expe
rience with the multitrack system is still limited.

Metallic commissurotomy
Cribier et  al. [15] introduced the metallic commissurotomy in the 
1990s. This procedure is as efficacious as balloon commissurotomy, but 
it is more demanding on the operator than the Inoue technique and 
appears to carry a higher risk of pericardial effusion and tamponade as 
a consequence of the presence of a stiff guidewire in the left ventricle. 
The potential advantage of the procedure is its cost‐effectiveness.

Inoue balloon technique
The Inoue balloon technique, first described in 1984 [1], is still the 
most commonly employed technique today. Wide experience has 
now been acquired by a number of groups worldwide. In developing 
countries, Inoue prototype Accura Balloon (Vascular Concepts) is 
routinely used with comparable success rates.

Vascular access
A 7 Fr sheath is inserted in the right femoral vein for transseptal 
access; a 5 Fr sheath is placed in the right or left femoral artery for 
left heart catheterization. Two pressure transducers are required for 
simultaneous left atrial, left ventricular pressures. A pigtail catheter 
is placed in the aortic root (left/non‐coronary sinus), and aortic 
pressures are obtained.

Transseptal puncture
Transseptal catheterization is a vital component of BMV. The goal 
of transseptal catheterization is to cross from the right atrium to the 
left atrium through the fossa ovalis. Puncture of the fossa ovalis 
itself is safe; the danger of the transseptal approach lies in the 
 possibility that the needle and catheter will puncture an adjacent 
structure (e.g., the coronary sinus, the posterior wall of the right 
atrium, or the aortic root). To minimize the risk of complications, 
the operator must have a detailed knowledge of the regional 
 anatomy of the atrial septum.

Equipment for  septal puncture Essential instruments include a 
pre‐shaped transseptal sheath with introducer (Mullins sheath) and 
a pre‐shaped transseptal puncture needle (Brockenbrough needle).

Landmarks for  septal puncture Transseptal puncture if usually 
 carried out under fluoroscopic guidance. There are certain fluoro
scopic landmarks that are used to identify the location of fossa 
ovalis. The pigtail marks the location of aortic valve. In anteropos
terior view, the fossa  ovalis lies inferior and medial to the aortic 
valve. To select the optimal transseptal puncture site, two imaginary 
lines are drawn: (i) the vertical midline; and (ii) the horizontal M 
line. The point of intersection of vertical “midline” and horizontal 
“M line” locates the site of septal puncture.

As seen in Figure 65.2a, a horizontal line is drawn from the tip of 
the pigtail catheter placed in the non‐coronary sinus of the aortic 
root and the lateral border of the left atrium. The vertical line drawn 
from the midpoint of this line is the vertical midline. The horizontal 
M line is the line crossing the center of the mitral annulus. It is 
derived from a diastolic stop frame of diagnostic left ventri
culography obtained in right anterior oblique (RAO) 30° projection 
(Figure  65.2b). The plane of the mitral annulus is obtained by 
 joining fulcrum points of the mitral valve. From the midpoint of 
this line, a horizontal line is drawn toward the vertebral body. 
This is referenced to a vertebral body. The ideal puncture site is the 
intersection of the vertical midline and the M line. Usually, 
the intersection point will be half to one vertebral body below the 
horizontal line drawn from the aortic root in the vertical midline.

In most institutions the septal puncture is carried out in left 
 anterior oblique (LAO) 40°, or in left lateral projection as shown in 
Figure  65.2c. In these projections the ideal septal puncture site 
 corresponds to the midpoint between the pigtail catheter placed in 
aortic sinus and the spine. The position should also be confirmed in 
RAO 30° projection (Figure 65.2d).

The procedural technique (see Video 65.1)
The procedure is always performed via a femoral approach with a 8–9 
Fr sheath in the femoral vein and a 5 Fr sheath in the femoral artery, 
with the patient under light sedation. After bolus administration of 
1000 U heparin, right heart catheterization is performed. The Mullins 
sheath is advanced over a 0.032‐inch guidewire into the superior vena 
cava, preferably into left innominate vein. The pigtail catheter is 
placed in the aortic root in the non‐coronary cusp. A standard 
Brockenbrough needle is then advanced into the Mullins sheath 
about 2–3 cm short of the tip. It is useful to keep a finger between the 
base of the Brockenbrough needle and hub of the Mullins sheath to 
prevent inadvertent advancement of the  needle. While most  operators 
attach a 2 mL contrast‐filled syringe, preferable with a Luer lock, it is 
also possible to attach the needle to a pressure transducer. The entire 
assembly of the Mullins sheath with the needle is then gradually with
drawn in the AP projection under fluoroscopy into the right atrium, 
taking care that the Brockenbrough needle points at the 4 o’clock 
position. The  assembly first descends from the superior vena cava 
into the right atrium and then along the thick part of the interatrial 
septum. The entire assembly is then withdrawn slowly until it reaches 
the level of the aortic valve. During this manoeuvre, care is taken that 
needle continues to point at 4 o’clock position. It is then gradually 
 withdrawn further below the level of the aortic valve about half to one 
vertebral space, to lie along the interatrial septum at the expected 
location of the fossa ovalis. The position of the needle is then 
 confirmed in RAO 30°, LAO 45° or dead lateral.

In RAO 30°, the interatrial septum is generally enface and 
the needle tip should point away from the operator, and also the 
needle should lie posterior and inferior to the plane of the aorta. 
In the lateral view, the needle should be facing posteriorly toward 
the spine and should be halfway from pigtail to spine. The needle 
should not be too low. The position of the needle needs to be con
firmed in all three views for a safe and optimal septal puncture. 
Transesophageal (TEE) or intracardiac echocardiography (ICE) can 
be useful in identifying the anatomic location of the interatrial 
 septum relative to the right atrium. The septal indentation by 
Brockenbrough needle guides the intended site of septal puncture. 
Echocardiography also helps in early detection of complications 
such as pericardial effusion, perforation, and tamponade. However, 
in the authors’ institution, TEE/ICE is not routinely used during 
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septal puncture. Transthoracic echocardiography is sufficient in 
majority of patients with good echo window to guide and confirm 
site of septal puncture and to recognize early tamponade. A gentle 
probing in this area may often permit left atrium entry through the 
stretched fossa ovalis without an actual need for needle puncture.

Successful entry into the left atrium should be confirmed both 
by recording a left atrial pressure waveform and by withdrawing 
 oxygenated blood or by demonstrating the typical fluoroscopic 
appearance of the left atrium during a small contrast injection 
through the needle. Once the catheter is safely placed in the left 
atrium, heparin (usually 100 U/kg) is administered for anticoagu
lation. Anticoagulation time is monitored during the procedures 
to maintain appropriate levels of anticoagulation. Box 65.2 sum
marizes the steps of the septal puncture procedure.

Dilatation of interatrial septal puncture site
After advancing the Brockenbrough needle, a coiled‐tip guidewire 
is placed into the left atrium through the Brockenbrough sheath. 
The septal dilator (14 Fr polyethylene tube with a thinner tip 70 cm 
in length) is advanced over the coiled‐tip wire to facilitate the entry 
of an Inoue balloon catheter.

Selection of balloon catheter
The most commonly used balloon catheters during BMV are the 
triple lumen Inoue balloon catheter (Toray International America 
Inc.) and the double lumen Accura balloon catheter (Vascular 
Concepts, Halstead, UK). Both Accura and Inoue mitral  valvotomy 

(a) (b)

(c) (d)

Figure 65.2 Fluroscopic landmarks for septal puncture. (a) An imaginary horizontal line is drawn from point T to point L where the line 
intersects the lateral border of the left atrium. The dotted vertical line crossing the midpoint between T and L is the midline. (b) The M 
line is obtained using the left ventriculogram with a stop frame RAO view. The target site for septal puncture is located at the intersecting 
point of the vertical midline and the horizontal M line. (c) Fluoroscopic landmark for septal puncture in LAO projection and (d) in RAO 
projection.

Box 65.2 Steps of septal puncture

Step 1 Mullins sheath with Brockenbrough needle positioned in superior 
vena cava. Pigtail catheter positioned in aorta at the level of aortic valve

Step 2 Mullins sheath with Brockenbrough needle withdrawn into the 
right atrium to lie half to one vertebra below the level of the pigtail 
catheter in AP projection

Step 3 Brockenbrough needle rotated to 4–5 o’clock position. Optimal 
position confirmed in AP, RAO, and lateral/LAO projection. (Refer 
above described fluoroscopic landmarks)

Step 4 Left atrial (LA) entry by probing around fossa ovalis site with tip of 
Mullins sheath or septal puncture performed by protruding the 
Brockenbrough needle slightly beyond the Mullins sheath

Step 5 Confirm left atrial entry by withdrawal of oxygenated blood , pres-
sure recording showing LA pressure tracing and by contrast injection 
into LA chamber



CHAPTER 65 Balloon Mitral Valvuloplasty 611

balloons are effective in providing relief from hemodynamically 
significant MS in terms of gain in valve area and reduction in 
transmitral gradient. Both have similar procedural success and 
complication rates, restenosis, and follow‐up events at 1 year 
[16,17]. A balloon catheter system for accomplishing BMV  consists 
of the following devices: Inoue/Accura balloon catheter, metallic 
stiffening cannula (18 gauge, 80 cm in length) for stretching and 
stiffening the Inoue balloon catheter, guidewire for BMV (0.028 
inches in diameter, 180 cm in length), dilator (14 Fr polyethylene 
tube with a thinner tip 70 cm in length) for dilating the puncture 
site of the femoral vein and atrial septum, and a stylet (wire with 
J‐shaped tip, 0.038 inches in diameter, 80 cm in length) for directing 
the Inoue balloon toward the mitral orifice.

The balloon diameter size is chosen on the basis of the patient’s 
weight, height, and body surface area. Most commonly, the reference 
size of the balloon is calculated according to Hung’s formula [18]: the 
patient’s height (in cm) is rounded to the nearest zero and divided by 
10 and 10 added to the ratio to yield the reference size (in mm), for 
example, if the patient’s height is 158 cm, then reference diameter will 
be 160/10 + 10 = 26 mm.

In case of pliable, non‐calcified valves with mitral regurgitation 
of ≤1+, a balloon catheter with a nominal reference size calculated 
according to Hung’s formula can be used. In contrast in patients 
with high risk features of developing severe MR (valvular calcifica
tion, severe subvalvular stenosis, and non‐pliable valves), a balloon 
catheter two size smaller than reference size is selected. However, 
after each dilatation, echocardiography should be reviewed for new 
appearance of significant MR or worsening of pre‐existing MR 
before the next inflation.

At the authors’ institution, initial inflation is carried out at 
2 mm less than the reference diameter and size is upgraded after 
carefully assessing hemodynamics and MR. The balloon catheter 
upsizing should be guided, graded, and gated to achieve optimal 
results.

Crossing the mitral valve
In the next step, the Inoue/Accura balloon catheter is advanced 
over the coiled‐tip wire. Once the balloon catheter has crossed the 
interatrial septum, the catheter should be placed in the left atrium 
so that the catheter forms a loop with the tip facing toward the 
mitral valve orifice. Several techniques are described for entering 
mitral valve: (i) vertical method, (ii) direct method, (iii) sliding 
method, (iv) posterior loop method, and (v) modified over‐the‐
wire technique. The stylet is inserted in the balloon catheter, and 
the stylet is given 2–3 anticlockwise rotations so that the balloon 
catheter with stylet is moved together toward the mitral valve ori
fice. In RAO view, the deflated Inoue balloon catheter is advanced 
until the tip of the catheter has crossed the mitral valve into the left 
ventricle. Once the balloon is close to the valve, a bobbing move
ment or “woodpecking sign” of the balloon can be observed. Once 
the balloon catheter is across the valve orifice, a fall in the aortic 
pressure may be noticed. ECG showing ventricular ectopic  indicates 
that the balloon is in the left ventricle.

Once the balloon catheter has been inserted into the left ventri
cle, the distal portion of the balloon is inflated with contrast media 
(diluted 1 : 1) using a specially graduated syringe. The catheter is 
then pulled until resistance is felt when the balloon catheter aligns 
across the mitral valve. Once this happens, inflate the balloon fully 
to expand the proximal part of the balloon. The valve will be 
stretched and the commissures will give way. Figure 65.3 shows a 
step‐by‐step demonstration of the BMV procedure.

During inflation of the balloon, the appearance of a deformed 
distal balloon (balloon impasse sign/balloon compression sign) 
suggests entrapment in the subvalvular apparatus as shown in 
Figure  65.4. In this situation, further inflation should not be 
 performed and the balloon should be repositioned to a location 
that is more proximal to the mitral orifice to avoid trauma to the 
subvalvular apparatus.

After each dilatation, the operator should obtain the left atrial 
 pressure through the middle port of the Inoue catheter and the left 
ventricular pressure through the pigtail catheter simultaneously. If the 
pressure gradient between the left atrial pressure and the simultane
ously obtained left ventricular pressure does not decrease, the balloon 
size is increased in 1‐mm increments until the pressure gradient 
decreases or substantial worsening of mitral regurgitation occurs. 
In  addition, two‐dimensional echocardiographic observations are 
 performed after each dilatation. To assess mitral valve  orifice area after 
each dilatation, planimetry of the valve orifice with two‐dimensional 
echocardiography should be adopted rather than the pressure half‐time 
method on continuous Doppler waveform, because pressure half‐ 
time‐derived orifice area might be inaccurate in this acute setting [19].

If one of the three following events is encountered—decrease in 
the pressure gradient between the left atrium and the left ventricle, 
occurrence of significant mitral regurgitation, or substantial 
 splitting of the commissure—further dilatation is not performed 
(Box 65.3; Figure 65.5) [20].

BMV in difficult scenarios
BMV in LA/LAA clot
Left atrial thrombus occurs in 3–13% of patients with MS and its 
presence is generally considered as a contraindication for BMV. 
Systemic embolization occurs in 0.3–0.8% of patients during or 
shortly after the procedure and represents a potentially devastating 
complication. TEE is recommended before the procedure to deter
mine the presence of left atrial thrombus, with specific attention 
paid to the left atrial appendage. If a thrombus is found, 3 months 
of anticoagulation with warfarin can result in resolution of the 
thrombus.

Left atrial thrombus in patients with MS has long been regarded 
as a contraindication for BMV. In selected patients with MS with 
left atrial thrombus (types Ia, Ib, and IIa) (Figure 65.6) [21], BMV 
can be performed safely with the modified over‐the‐wire technique 
(Figure 65.7) [22]. Systemic thromboembolism, technical failures, 
and other complications are very rare when performed by experi
enced operators.

Our modification of the over‐the‐wire technique is safe,  effective, 
and does not require any additional accessories. Using this  technique, 
BMV can be performed, even in difficult cases wherein the conven
tional method of crossing the mitral valve has failed. This technique 
involves direct positioning of a coiled Inoue wire into the left  ventricle 
through the Mullin sheath followed by introduction of an Inoue 
 catheter over the wire as illustrated in Figure 65.7.

BMV in giant left atrium/interatrial septal aneurysm
The size of the left atrium with or without interatrial septal (IAS) 
aneurysm has been noted to have a significant influence on  outcome 
as in patients with large left atria, technical difficulties can be 
encountered in performing the transseptal puncture and crossing 
the MV orifice. In such situations increasing the curvature of the 
Brockenbrough needle or probing around the fossa ovalis assists 
in safe septal puncture. When difficulty is encountered in crossing 



(a) (b) (c)

(d) (e) (f)

Figure 65.3 Salient steps of balloon mitral valvuloplasty (BMV). (a) Pigtail catheter in aorta; (b) septal puncture using Brockenbrough needle; 
(c) coiled wire in LA after septal puncture; (d) septal dilatation with 14 Fr dilator; (e) Inoue balloon LA entry assisted with stylet; (f) fully inflated 
Inoue balloon across mitral valve.

(a) (b)

Figure 65.4 Distorted shape of Inoue balloon inside left ventricle showing impasse sign (a) and compression sign (b) suggestive of severe 
submitral stenosis.

Box 65.3 Definition of successful balloon mitral valvuloplasty

1 ≥50% increase in the mitral valve area
2 Increase in mitral valve area to ≥1.5 cm2

3 Significant fall in left atrial pressure and transmitral gradient (Figure 65.5)
4 Mitral regurgitation not more than Grade II
5 At least one of the commissures is split
6 No major complications
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(a) (b)

Figure 65.5 The images depict simultaneous tracings of pulmonary capillary wedge pressure and left ventricular pressure in a patient with 
mitral stenosis before and after valvuloplasty. The preprocedural peak transmitral gradient was 24 mmHg and end diastolic gradient was 
14 mmHg; post‐procedural peak gradient was 4 mmHg and end diastolic gradient was1 mmHg.

Type Ia
LA appendage clot

con�ned to appendage

Type IIa
LA roof clot limited to a plane
above the plane of fossa ovalis

Type IV
Mobile clot which is attached
to LA free wall or roof or IAS

Type V
Ball valve thrombus (Free �oating)

Type IIb
LA roof clot extending below

the plane of fossa ovalis

Type III
Layered clot eover the IAS

Type Ib
LA appendage clot

protruding into LA cavity

Figure 65.6 Classification of left atrial clot. Source: Manjunath CN, et al. 2009 [21]. Copyright © 2009 Wiley‐Liss, Inc.
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the mitral valve, either changing the shape of the stylet, reverse loop 
entry, modified over‐the‐wire technique (Figure  65.7), balloon 
 flotation catheter‐assisted entry, or deliberate low septal puncture 
methods can be used to enter the left ventricle.

BMV in severe subvalvular disease
In severe submitral stenosis, balloon entry into left ventricle can be 
difficult. Severe subvalvular stenosis can affect immediate proce
dural results as well as increase the incidence of acute severe MR. 
Severe subvalvular stenosis also causes difficulty in entering the 
Inoue balloon into the left ventricle. In such situations, predilating 
and releasing submitral apparatus stenosis using peripheral angi
oplasty balloon (short length balloons with 6–8 mm in diameter) 
facilitates subsequent entry of a 12 Fr Inoue balloon catheter. 
This can be achieved either through an antegrade or retrograde 
approach. However, utmost care should be taken not to cause 
chordal or papillary muscle rupture.

BMV in IVC interruption/IVC anomalies through IJV 
approach
In the vast majority of patients, BMV can be successfully performed 
using femoral venous access; however, certain congenital or acquired 
anomalies of the inferior vena cava (IVC) or iliofemoral veins 
 preclude this option and necessitate the use of alternative access 

routes. The transjugular approach to transseptal BMV is a useful 
alternative in patients with venous anomalies that preclude the con
ventional femoral venous approach. Landmarks for septal puncture 
are derived from Inoue’s angiographic method in frontal projection. 
Alternatively, levophase injection of pulmonary  arteriogram can be 
utilized to delineate the interatrial septum. The appropriate site of 
septal puncture is 2 cm below the left atrial roof. Deliberate high atrial 
puncture facilitates balloon crossing into the left ventricle in jugular 
approach. However, very high puncture should be avoided because it 
is associated with high incidence of cardiac tamponade. If the septal 
puncture is low or at fossa ovalis, the over‐the‐wire technique can be 
helpful in delivering the balloon through the mitral valve orifice. 
Other than a Inoue balloon, a  single balloon technique can be applied 
for mitral valve  dilatation. The procedure‐related complications, 
including cardiac tamponade, emergency surgery, acute severe MR, 
and embolization, are similar to the transfemoral approach. However, 
the transjugular approach is technically challenging but can be 
 considered as an alternative to the femoral approach when the 
 anatomic variations warrant it.

BMV in juvenile mitral stenosis
In comparison with adults, children and adolescents with rheumatic 
mitral stenosis more often have severe pulmonary hypertension and 
very high transmitral gradient but less often have atrial fibrillation 

(a) (b) (c)

(d) (e) (f)

Figure 65.7 Over‐the‐wire technique described by Manjunath et al. [22]. Cine recordings showing the position of LA appendage and the steps 
involved in modified over‐the‐wire technique. (a) Position of the left atrial appendage. (b) Mullins sheath near the mitral valve. (c) Coiled 
guidewire directly introduced into left ventricle. (d) Septal dilatation over the coiled guidewire. (e) Accura balloon over the coiled guidewire 
crossing the mitral valve. (f) Accura balloon inflation.
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and left atrial dilatation. Although the mitral valves in these younger 
patients are typically more pliable, with less calcification and lower 
echocardiographic scores than in older populations [23,24] we fre
quently encounter young patients with mitral stenosis who have 
severe subvalvular disease and grossly thickened leaflets, indicative of 
the fulminant course of the disease in this population.

Careful attention to procedural details—use of a balloon diameter 
smaller than the typically recommended size, stepwise increases in 
balloon diameter, meticulous pressure gradient measurement, and 
watch for MR after each dilatation—is important in these young 
patients. BMV in young patients is effective, safe, and provides better 
immediate results than in adults particularly with regard to acute 
complications. Although indexed MVA was larger than in adults, 
freedom from restenosis and from clinical events at 10 years was no 
different from adult populations [25].

BMV in pregnancy
The majority of patients with moderate to severe MS worsen during 
pregnancy because of increased intravascular volume and increases 
in heart rate. Symptoms occur in 25% of patients, become apparent 
by 20 weeks’ gestation, and aggravate at the time of labor and delivery. 
Without intervention, maternal mortality is significantly higher 
(6.8%) for those in NYHA Classes III and IV, particularly during 
labor and delivery [26]. Optimal timing of BMV is the end of the 
second trimester or the beginning of the third trimester during 
which radiation risk to the fetus is negligible.

BMV should be performed by experienced operators with 
abdominal and pelvic shielding and with minimum radiation 
exposure and should be avoided during the first trimester. With 
these precautions, BMV can be safely performed in pregnancy. 
Esteves et  al. [27] reported optimal immediate and long‐term 
results in pregnant patients who underwent BMV during the 
 second trimester of their pregnancy.

Complications of BMV
Most of the adverse complications relevant to this procedure occur 
during the procedure (i.e., during the process of interatrial septum 
puncture, manipulation of the Inoue balloon catheter in the left 
atrium, and commissurotomy of the mitral valve by Inoue balloon 
catheter). Major complications with regard to the Brockenbrough 

puncture are related to penetration of the Brockenbrough needle 
into the adjacent structure (i.e., ascending aorta and the post‐
atrium pericardial space). Procedural mortality is in the range of 
0–3% in most series. Table 65.2 lists complications during BMV.

Pericardial effusion and tamponade
The most common serious complication is hemopericardium, with 
an incidence of 0–2.0% [28]. When hemopericardium or rupture 
into the space surrounding the aortic root occurs, protamine sulfate 
should be administered to promote spontaneous hemostasis unless 
urgent surgical intervention is necessary.

Although relatively rare, unintended perforation by the tip of the Inoue 
catheter or guidewires while being manipulated in the  cardiac chambers 
might occur in the left atrial appendage, the pulmonary veins, or the left 
ventricular apex because of the vulnerability of these structures.

When hemopericardium or rupture into the space surrounding 
the aortic root occurs, protamine sulfate should be administered to 
promote spontaneous hemostasis unless urgent surgical intervention 
is necessary.

Acute mitral regurgitation
An increase in mitral regurgitation is another possible complication 
after commissurotomy; however, in most cases, the degree of mitral 
regurgitation slightly increases after BMV without requiring surgical 
intervention. The mechanism of the increase or new appearance of 
mitral regurgitation is reported to be excessive tearing of the 
commissure(s) or the posterior/anterior leaflet at non‐commissural 
part, incomplete closure of a calcified leaflet, and localized rupture of 
the subvalvular apparatus. The mechanism of post‐BMV mitral 
regurgitation is reported to be closely related to long‐term prognosis. 
Severe mitral regurgitation is relatively rare, with a frequency ranging 
from 1.3% to 19% in different series [29–32]. Surgical findings [29,33] 
suggest that this complication is related to non‐commissural tearing 
of the posterior or anterior leaflet and chordal rupture. Additionally, 
with significant asymmetric commissural calcification, the non‐ 
calcified commissure can tear, causing severe MR.

The incidence of acute severe MR following BMV in our study is 
1.3% [29]. Clinically, hypotension and hypoxia are the predominant 
manifestations of acute severe MR. Anterior mitral leaflet tear is the 
most common cause for severe MR (Figure 65.8). The severity of 
submitral disease which is underestimated by 2D‐TTE appears to 

Table 65.2 Complications during balloon mitral valvuloplasty

Complications Incidence (%) Management

Pericardial effusion/tamponade 0.5–12.0 1. Pericardiocentesis
2. Reversal of heparin with protamine
3. Autotransfusion
4. BMV through second puncture to reduce LA pressure
5. Surgical closure of perforation when conservative strategy fails

Acute severe MR requiring surgery 0.9–2.0 Early MVR, preferably within 24 hours, is recommended for optimal outcome

Acute embolism or stroke 0.5–5.0 Conservative management
? Intra‐arterial lysis

Residual atrial septal defect At 48 hours: 60–70
At 6 months: 8–10

Conservative in almost all cases

BMV, balloon mitral valvuloplasty; LA, left atrium; MR, mitral regurgitation; MVR, mitral valve replacement.
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be one of the important risk factors predisposing to severe MR. 
A  strategy of early MVR, preferably within 24 hours of onset of 
severe MR, is recommended for optimal outcome.

Stroke and embolism
Detachment of undetected microthrombi in the left atrium or 
left atrial appendage by the catheter or guidewire tip can occa
sionally occur. To avoid these mechanical complications, gentle 
manipulation of the guidewires and catheters are required, and 
the Inoue catheter should be formed using the stylet, with the tip 
of the catheter properly directed toward the mitral valve orifice.

The frequency of embolic events related to mitral valvuloplasty is 
in the range of 0.5–5.0%. On rare occasions, such events cause of 
permanent severe disability and even death. In view of the severe 
potential consequences of this complication, it is critical for the 
operators to take all possible precautions to prevent it.

Residual atrial septal defect
The frequency of atrial septal defects after mitral valvuloplasty is in 
the range of 10–90% in different series. These are typically small 
and restrictive shunts. Significant right‐to‐left shunts occur on rare 
occasions in patients who had pulmonary hypertension and ele
vated right heart pressures. In our study [34], incidence of residual 
atrial septal defect within 48 hour of percutaneous transmitral 
commissurotomy (PTMC) by TEE color flow Doppler imaging is 
66.5%. These defects are hemodynamically significant only in 4.3% 
of patients. Surrogate markers of elevated left atrial pressures do 
not determine the development of atrial septal defect after PTMC. 
Most of the defects close spontaneously and a residual defect is 
observed in 8.7% patients at 6 months.

results of BMV
Immediate results
The binary endpoint of immediate procedural success is most 
often a final valve area >1.50 cm2 without moderate or severe 
mitral regurgitation. After BMV, mitral valve area approximately 

doubles in most successful cases. Mitral valve anatomy as 
assessed by two‐dimensional echocardiography is a strong 
 predictor of the immediate results of BMV. The previously 
described Wilkins score has a discriminant cut‐off point of 8 
according to analyses of the immediate results of BMV. Whatever 
echocardiographicc scoring system is used, older age, smaller 
valve area, previous commissurotomy, or baseline mitral regur
gitation should be considered as potential predictors for poor 
immediate outcome with a similar predictive strength as valve 
calcification [30]. In clinical practice, young patients (<50 years) 
with favorable valve anatomy have usually shown particularly 
good immediate results [35,36].

Long‐term results
Most patients with initial procedural success report significant functional 
improvement. When immediate results are suboptimal, the patient’s 
functional status does not improve or improves only transiently.

The best results of BMV are observed in young patients who have 
MS with favorable anatomic characteristics (i.e., pliable non‐calcified 
valves and moderate impairment of the subvalvular apparatus). 
Published series from India and Tunisia have clearly demonstrated 
the safety and efficacy of BMV in such patients [37,38]. After BMV, at 
least 90% of patients are alive without intervention on the mitral valve 
and with few or no symptoms 5–7 years after the procedure. 
Randomized trials conducted in these young populations show that 
3 and 7‐year results after BMV are as good as those obtained with 
open‐heart commissurotomy and better than those with closed‐heart 
commissurotomy.

Suboptimal immediate results lead to relatively early inter
vention, which explains the presence of an early drop in event‐free 
survival rates after the procedure. Post‐BMV mitral restenosis is 
defined as a valve area <1.5 cm2 or a >50% loss of the initial gain 
in valve area [39]. The incidence of restenosis after a successful 
procedure ranges from 2% to 40% in different studies, at time 
intervals ranging from 3 to 10 years. Reportedly, the freedom 
from restenosis rates were 85% at 5 years, 70% at 10 years, and 
44% at 15 years and were  significantly higher (i.e., 92% at 5 years, 

Figure 65.8 Transthoracic echocardiography showing post BMV anterior mitral leaflet tear and severe mitral regurgitation.
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85% at 10 years, and 65% at 15 years) for patients with optimal 
morphology [40,41]. Depending on the anatomy, restenosis can 
be treated either with repeat MBV or with surgical mitral 
valve replacement. Repeat BMV should be  proposed as first‐line 
therapy if the patient had symptoms related to MS and showed 
only mild mitral regurgitation based on the  observational 
 evidence that the mechanism of mitral restenosis is primarily 
commissural refusion.

Conclusions
Although the incidence of rheumatic fever and the prevalence of 
rheumatic heart disease as sequelae are decreasing in most Asian 
countries, a small but substantial occurrence of rheumatic MS 
exists in Asia. Since its introduction, percutaneous mitral commis
surotomy has demonstrated good immediate and mid‐term results 
and has replaced surgical mitral commissurotomy as the preferred 
treatment of rheumatic MS in appropriate candidates. Aadequate 
understanding of indications, BMV procedures, complications, and 
assessment of results are key factors.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Advancement within interventional cardiology hinges upon the 
continued development of less invasive procedures that aim to 
achieve the same efficacy as primary surgical repair. This continu
ous pursuit, obstacle identification, and further innovation is per
haps best exemplified by the progressive advancement of pulmonary 
artery and valve‐based interventions.

Pulmonary artery and pulmonary valve stenosis are common 
features of many forms of congenital heart disease. Each results in 
the elevation of right ventricular pressure, right ventricular hyper
trophy, and eventually right ventricular dilatation and failure. 
Previously, surgical valvotomy had been the sole option to relieve 
these forms of obstruction. However, the development of pulmo
nary balloon valvuloplasty, over three decades ago, provided an 
alternative that avoided cardiopulmonary bypass and has now 
replaced surgical repair as the preferred intervention.

Yet it is essential to recognize that valvuloplasty is not without its 
own disadvantages. It is understood that in relieving stenosis the 
dilatation inherently causes damage to the valve leaflets and can 
result in a degree of pulmonary regurgitation. Previously, a signifi
cant degree of pulmonary regurgitation was deemed an expected 
and acceptable outcome of the procedure. Such was also the case for 
patients with tetralogy of Fallot who had undergone transannular 
patching. However, as significantly more patients are surviving and 
thriving to adulthood, the resultant consequences have become 
more apparent and in turn less acceptable. Now these patients 
require further intervention to address the right ventricular over
load, ventricular dysfunction, and ventricular arrhythmias caused 
by their pulmonary regurgitation. Until just over a decade ago, 
 surgical reintervention had remained the sole treatment option 
available. However, the advent of transcatheter pulmonary valve 
replacement (tPVR) has become a realistic alternative.

This chapter details the indications, complications, and out
comes of the primary catheter‐based interventions of the right ven
tricular outflow tract, the pulmonary valve, and the pulmonary 
arteries.

Balloon pulmonary artery angioplasty
Pulmonary artery stenosis occurs both as a feature of congenital 
heart disease as well as a sequela of its repair. Typically, congenital 
pulmonary artery stenosis occurs in conjunction with pulmonary 

valve stenosis, ventricular septal defects, and tetralogy of Fallot. 
There is also a well‐established association with multiple genetic 
syndromes including Williams syndrome, Noonan syndrome, 
Alagille syndrome, and Ehlers–Danlos syndrome.

Alternatively, acquired stenosis occurs as a result of scarring at 
sites of surgical intervention. Some of the most common sites are at 
the point of conduit insertion, along the surgical connection of an 
aortopulmonary shunt, following arterial switch operation for 
transposition of the great arteries, and after placement of pulmo
nary bands to control excessive pulmonary blood flow [1].

Indications
Branch pulmonary artery stenosis is the most common indication 
for balloon angioplasty in pediatric patients. Angioplasty can 
acutely relieve significant areas of stenosis; however, there are high 
rates of recurrence in these stenotic regions [2]. Therefore, balloon 
angioplasty without stent implantation is typically reserved for 
severe stenosis in very small patients who require prompt interven
tion or patients with complex arterial anatomy. More satisfactory 
results can be obtained with the use of cutting balloons.

The primary indications for angioplasty in patients with stenosis 
based on recent pediatric interventional guidelines are:
• Measurable gradient greater than 20–30 mmHg across the 

stenosis;
• Right ventricular pressure greater than 50% systemic;
• Evidence of right ventricular failure; and
• Relative flow discrepancy of less than 35%/65% between lungs [3].

While these criteria appear clear and succinct there are frequently 
difficulties in assessing the gradient across stenotic segments. In 
some patient cohorts, particularly those with Glenn and Fontan 
physiology, significant pressure gradients do not exist and therefore 
angiographic assessment of the relative narrowing is also impor
tant. Three‐dimensional rotational angiography can prove benefi
cial in achieving a complete evaluation of the vessel diameter and 
thus guiding intervention [4].

Procedural technique
Access is typically achieved through the femoral vein and a guide
wire is then advanced through the right heart into the pulmonary 
arteries, and beyond the area of stenosis. Angiography and accurate 
vessel measurements can be performed prior to this or following 
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good wire placement with a multitrack catheter. The chosen bal
loon catheter should be approximately 3–4 times the diameter of 
the stenotic vessel but not more than 2 mm greater than the diam
eter of the adjacent normal vessel. In order to achieve a successful 
dilatation there must be a degree of tearing of the intima of the ves
sel. For this reason, it is imperative to inflate to a high enough pres
sure to remove the waist, as lesser pressures are associated with a 
significantly higher rate of recurrence [2,5].

Generally, a longer sheath is advisable when using cutting bal
loons. The microtomes of the device score the vessel wall and in 
doing so disrupt the fibrous connections contributing to stenosis 
and can cause damage to surrounding structures when removed. 
The cutting balloon diameter should not exceed the normal vessel 
diameter in order to minimize risk for vessel rupture [6,7]. In larger 
children with severe localized stenosis the cutting balloon diameter 
can be smaller than the normal vessel diameter and can be followed 
with a high pressure balloon for maximum effect. Each balloon 
dilatation attempt should be followed by angiography to ensure 
there is no vessel wall damage.

Complications
Typically, the pulmonary arteries are extremely compliant vessels 
and are able to tolerate dilatation to greater than three times their 
stenotic diameter. As previously noted, though, successful dilata
tion hinges on causing controlled damage to the intima of the ves
sels. Segments of stenosis, both congenital and iatrogenic, represent 
areas of abnormal tissue that are inherently less compliant and 
therefore at increased risk of rupture. Pulmonary vessel rupture can 
cause a hemothorax and, depending on the severity of the injury 
and bleeding, can lead to death [8].

Outcomes
Balloon angioplasty typically results in excellent acute improve
ment with up to a 50% increase in vessel diameter and a 50% 
decrease in gradient. However, because of the high frequency of 
restenosis, balloon angioplasty alone often does not provide long‐
term benefit without the use of an endovascular stent [4,8].

A multicenter prospective randomized trial comparing the use of 
high‐pressure balloon dilatation with cutting balloon devices found 
the latter to demonstrate superior efficacy. In each case, an attempt 
was made to dilate the vessel using a low‐pressure balloon (<8 atm). 
In the event this did not eliminate the waist (71% of attempts), 
either cutting balloon deployment followed by repeat low‐pressure 
balloon dilatation or high‐pressure balloon dilatation (15–22 atm) 
was performed. Cutting balloon dilatation resulted in an improve
ment in vessel diameter by 85% compared with only 52% in the 
high‐pressure arm [7]. There were no serious adverse events and 
the authors concluded that cutting balloon therapy is more effective 
than high‐pressure balloon angioplasty for pulmonary artery steno
sis not responsive to low pressure balloons.

Pulmonary artery endovascular stenting
Indications
The primary indications for endovascular stent placement are the 
same as those for pulmonary artery balloon angioplasty with the 
addition that balloon angioplasty alone has not or likely will not 
provide an adequate response. Ideal stent placement occurs when 
the child’s vessels are large enough to accommodate a stent with 
adult‐sized potential, which is usually not feasible in neonates 
and  small infants. Thus, endovascular stenting in these patients 

should be reserved for patients requiring urgent intervention when 
 angioplasty, including the use of cutting balloons, has not provided 
adequate relief.

Procedural technique
Venous access is achieved in a similar fashion to balloon angio
plasty and a catheter is advanced to the pulmonary arteries. Good 
wire position is vital and, once achieved, a long sheath is advanced 
across the stenosis to ensure the stent will pass freely across the ste
nosis. Stent advancement without the use of a long sheath has been 
described in smaller children [9]; however, there is a risk of the 
stent migrating from the balloon during advancement with this 
approach. Adequate stent crimping over an appropriate‐sized bal
loon can mitigate against stent movement off the balloon when 
advancing through the longer sheath. When the stent is in correct 
position, as confirmed by angiograms through the side‐arm of the 
long sheath, the delivery sheath is fully retracted from the balloon, 
the balloon is inflated, and the stent is fixed within the vessel. This 
technique is utilized to deliver single, tandem, or bifurcating stents.

Unlike balloon angioplasty, dilatation beyond the desired vessel 
diameter is typically unnecessary, as the stent will provide the 
required support upon deflation of the delivery balloon. Similarly, 
pre‐dilatation of the stenotic region is typically unnecessary except 
for a few specific circumstances. The primary indication for pre‐
dilatation is that the degree of stenosis is so significant that the 
sheath and delivery catheter cannot be advanced beyond the 
affected area [3].

Small patients, refractory to balloon angioplasty, are challenging 
because the smaller caliber of their vessels may not tolerate the 
 necessary larger, stiffer catheters. In this circumstance the use of a 
pre‐mounted stent can be preferable as it precludes the need for a 
longer sheath and provides a significant degree of flexibility [10]. 
An evolving number of lower profile pre‐mounted stents that are 
dilatable to 5–18 mm are now available and are very attractive for 
use in this circumstance [11,12].

Complications
The implantation of endovascular stents requires larger, stiffer 
guidewires and delivery systems, thus increasing the risk for vascu
lar damage. Damage to the intima may be reduced as there is more 
support for the vessel wall with less need for over‐dilatation and 
hence less risk for artery rupture [13]. Either way, it is advisable to 
have a covered stent available for use should arterial damage be 
encountered.

Many of the primary complications associated with endovascular 
stent placement focus on stent migration and poor positioning fol
lowing placement. In the event that the stent is improperly sized, 
the stent can undergo embolization in a retrograde fashion to the 
main pulmonary artery or the right ventricle [13].

Outcomes
The outcomes of stent implantation for pulmonary artery stenosis 
have been quite good. Significant restenosis of single vessel pulmo
nary artery stents occurs in less than 7% of patients [13]. There are 
typically two primary mechanisms by which restenosis of the vessel 
occurs. The first is the continued growth of the patient and their 
vasculature as the stent itself remains fixed. In these cases, redilata
tion of the stent has proven to be safe and effectively reduces the 
gradient [14]. The second is intimal hyperplasia, particularly at the 
edges of stents or areas of overlap. The rates of restenosis secondary 
to intimal hyperplasia have declined with continued experience and 
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associated attempts to avoid stent overlap and severe angulation 
between the vessel wall and stent [15].

Pulmonary artery stenting has also proven effective in adults with 
congenital heart disease. Typically, these patients require bilateral or 
multiple stents. One retrospective study demonstrated a reduction in 
mean systolic gradient from 24 to 3 mmHg [16].

Balloon pulmonary valvuloplasty
Pulmonary valvular stenosis is a common feature of a wide array of 
congenital heart diseases which can present in a plethora of fash
ions. Patients with mild to moderate obstruction often remain 
asymptomatic until adolescence at which point they begin to 
develop exercise intolerance, as their right ventricular output can 
no longer compensate for their increased demands. Occasionally, 
mild–moderate stenosis improves through childhood and does not 
require intervention. Alternatively, critical pulmonary stenosis 
causes significant cyanosis in the neonatal period, and patients are 
dependent upon a patent ductus arteriosus to provide adequate pul
monary blood flow. Regardless of the severity of the obstruction, 
balloon valvuloplasty has become the treatment of choice for valvu
lar pulmonary stenosis [17].

Indications
Balloon pulmonary valvuloplasty is indicated for any symptomatic 
patient following diagnosis of valvar stenosis. Timing is particularly 
important for neonates with critical stenosis as these patients are 
typically maintained on prostaglandin infusions to ensure patency 
of the ductus arteriosus.

Indications for intervention in asymptomatic patients are 
 customarily guided by their degree of obstruction on echocardio
gram or resting gradients across the valve during diagnostic 
catheterization. Typically, a peak instantaneous gradient of 
40 mmHg or right ventricular systolic pressures greater than 50% 
systemic on echocardiogram serve as sufficient criteria to pursue 
intervention [18].

It is important to note that transcatheter valvotomy and valvulo
plasty are contraindicated in patients with right ventricle dependent 
coronary circulation, in the setting of pulmonary atresia with intact 
ventricular septum, as these patients have been noted to have 
 significantly higher mortality [19].

Procedural technique
Following assessment of the pressure gradient and right ventricular 
angiography to evaluate the annular diameter, a guidewire is placed 
into one of the branch pulmonary arteries. An appropriately sized 
balloon catheter is placed over the wire and advanced to the mid
point of the valvular obstruction. The balloon is fully inflated, 
assessing for disappearance of the waist. Following dilatation, the 
gradient across the valve should be reassessed, with success consid
ered improvement to less than 30 mmHg.

Generally accepted recommendations advocate the use of devices 
with a balloon to annulus ratio of 1.2–1.4 : 1 in children [3,20]. 
Inflation of the balloon effectively separates the inappropriately 
fused valve cusps, thus reducing the degree of stenosis. However, by 
rupturing the fused cusps, the procedure also inherently places the 
patient at risk of developing or worsening valvular regurgitation. To 
minimize the risk and degree of regurgitation, certain groups have 
recommended balloon selection with a ratio closer to 1.2–1.25 [21]. 
In neonates with critical pulmonary stenosis, a balloon to annulus 
ratio closer to 1 : 1 may be preferable.

Balloon pulmonary valvuloplasty has also been effectively uti
lized in adult patients. Balloon diameter selection is more challeng
ing in adults, as there are significantly fewer data available. Best 
available data suggest that balloon diameter approximately 1 mm 
larger than the annulus is effective [22,23]. In larger patients, 
achieving a balloon diameter of this size with conventional balloons 
has often necessitated the use of double and triple balloon tech
niques. However, the introduction of Inoue balloons has provided 
an effective alternative, permitting single balloon dilatation [23].

Complications
Pulmonary artery tears, rupture of tricuspid valve papillary  muscles, 
and right ventricular outflow tract rupture have all been docu
mented; however, all have decreased significantly in frequency with 
continued experience and improvement in device technology.

Hypertrophy of the infundibulum is a common response to 
 pulmonary stenosis. Therefore, not unexpectedly, the incidence of 
infundibular obstruction following the procedure remains high, 
occurring in approximately 30% of cases [24]. With time, the hyper
trophy decreases and the degree of obstruction abates. However, 
if the gradient across the right ventricular outflow tract (RVOT) is 
greater than 50 mmHg acutely following intervention, patients 
transiently require beta‐blockade to augment right ventricular 
 output [24].

Outcomes
Large studies of pulmonary valvuloplasty have routinely demon
strated effective relief of pulmonary stenosis. A study of 533 patients 
found that of those with normal valve morphology, 85% maintained 
a gradient <36 mmHg and were free from reintervention during a 
median follow‐up of 33 months. Results were less impressive for 
patients found to have dysplastic valve morphology, with only 65% 
demonstrating a similar outcome [25]. These findings have been 
consistent across studies and have been notably less successful in 
patients with Noonan syndrome who classically exhibit thickened, 
dysplastic valve leaflets. However, given the relative low rate of 
severe complications compared with surgical repair, valvuloplasty is 
still typically attempted [26].

Expansion of the balloon across the patient’s annulus intrinsi
cally increases the risk of developing pulmonary regurgitation with 
an incidence of 10–40% [27]. A study of 41 patients who had under
gone balloon valvuloplasty for isolated valvar pulmonary stenosis 
utilized cardiac magnetic resonance imaging (MRI) and exercise 
testing to assess the degree and effect of valvar insufficiency at a 
median follow‐up of 13 years. Based on cardiac MRI findings, 34% 
of patient had a regurgitant fraction >15%, 10% of patients had a 
fraction >30%, and 5% with a fraction >40%. This study excluded 
individuals with other forms of congenital heart disease, those with 
residual valvar stenosis, and those requiring interim valve replace
ments. However, it suggests that while valvar insufficiency follow
ing balloon dilatation is prevalent and more likely when larger 
balloon to annulus ratios are used, the frequency of severe regurgi
tation may not be as high as previously assumed [28].

right ventricular outflow tract stenting
Neonates with tetralogy of Fallot present a unique challenge as they 
classically demonstrate an anterior and cephalad deviation of their 
infundibular septum, producing a muscular subvalvar narrowing. 
Combined with infundibular hypertrophy, this can result in severe 
RVOT obstruction. These patients will inevitably require definitive 
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surgical repair; however, delaying surgical intervention until the 
patient is 3–4 months of age has been associated with improved 
clinical outcomes [29]. Therefore, the goal of immediate therapy is 
to reduce the patient’s obstruction, improve pulmonary blood flow, 
and in turn stimulate catch‐up growth of their hypoplastic pulmo
nary arteries.

In those patients with severe RVOT obstruction, options to 
restore adequate pulmonary artery blood flow include a systemic to 
pulmonary artery (modified Blalock–Taussig) shunt or a complete 
neonatal repair. A review of the Society of Thoracic Surgeons 
Database revealed that both are associated with relatively high 
 mortality rates, 6.2% and 7.8%, respectively, during the first month 
of life [29]. Stenting of the RVOT can provide a significant reduction 
in cyanosis and allow time for pulmonary artery growth prior to 
surgical repair.

Indications
RVOT stenting is indicated in patients with severely narrowed 
RVOT causing profound desaturations and in those requiring con
tinuous prostaglandin infusion to maintain adequate pulmonary 
blood flow. At this time there are no consensus guidelines that 
establish criteria for intervention.

Procedural technique
Biplane angiography of the right ventricle is utilized to better define 
the patient’s underlying anatomy and extent of RVOT obstruction. 
Pre‐dilatation of the pulmonary valve with balloon valvuloplasty 
can be performed to improve ease of access across the valve. The 
use of a guidewire with markers is helpful given the likelihood of 
foreshortening in standard angiographic projections leading to 
potential underestimation of the length of obstruction. Either a pre‐
mounted coronary or peripheral vascular stent can be deployed 
depending on the patient’s size. Peripheral vascular stents provide 
the benefit of potential for progressive dilatation as the child grows, 
whereas the maximal diameter of coronary stents is inherently 
limited.

Ideally, the stent is not placed across the pulmonary valve so as 
to avoid or minimize pulmonary regurgitation. However, in the 
event this is not possible relief of RVOT obstruction is preferable. 
Placement of a stent across the pulmonic valve produces the 
same  physiology as a non‐valved right ventricle to pulmonary 
artery conduit, which is generally well tolerated prior to definitive 
surgical repair. In the event that the stent does not cross the pulmo
nary valve, simultaneous balloon valvuloplasty addresses the fact 
that obstruction is typically seen at multiple levels of the right 
ventricle.

Complications
RVOT stenting carries with it a risk profile similar to other stent‐
related interventions. Specifically, patients can experience perforation 
of the pulmonary artery or RVOT with associated hemopericar
dium, cardiac tamponade, and death. Another significant risk is the 
dislodgement of the stent with possible embolization. For this reason 
close attention should be paid to appropriately sizing the device 
prior to deployment. Finally, RVOT stenting carries the theoretical 
risk of coronary compression and thus this must be considered 
when evaluating these patients.

Of note, multiple small to medium‐sized case studies have dem
onstrated complication rates less than those associated with a 
Blalock–Taussig shunt [30–32], therefore suggesting that RVOT 
stenting should be considered the preferred first step in palliation.

Outcomes
Effective stenting of the RVOT in neonates with significant desatu
rations has demonstrated significant improvement in oxygen 
 saturation, pulmonary blood flow, pulmonary artery growth, and 
delay to definitive surgical repair. A study of 55 patients demon
strated a median improvement in oxygen saturation of 20% following 
intervention and the ability to remove all but one patient (11 of 12) 
from continuous prostaglandin infusion [30]. Perhaps even more 
importantly, given the implications for surgical repair, is that stent
ing improved median pulmonary artery Z scores by 2 [30,31]. 
Subsequent surgical repair has not been shown to be associated 
with significant morbidity as a consequence of the pre‐existing 
stent.

transcatheter pulmonary valve 
implantation
As detailed throughout this chapter there are a multitude of 
 congenital and acquired abnormalities of the pulmonary valve, 
which eventually necessitate surgical replacement of the valve. The 
three types of valves typically utilized for surgical replacement are 
homografts from cadavers, valved conduits, or bioprosthetic valves 
implanted directly in the RVOT [3], the choice of which is dictated 
by the patient’s size and the nature of the RVOT disease. In each 
case, the typical mechanism of non‐native valve failure is caused 
by  progressive stenosis of the valve with or without concomitant 
insufficiency. The primary mechanisms contributing to failure are a 
combination of external compression, internal calcification, devel
opment of fibrotic intimal peel, and patient outgrowth [33]. The 
combination of these factors necessitates reintervention of conduits 
in about 25% of smaller patients by approximately 4–5 years after 
homograft placement [34]. In an effort to address this, balloon dila
tation of the conduit has been performed, but has demonstrated 
minimal improvement in the long‐term utility of the conduit [35]. 
Following this failure, RVOT stent implantation across the valve 
was employed, thus reducing the degree of stenosis but permitting 
free regurgitation. This strategy has been shown to postpone surgi
cal repair [36]; however, it places the patient at significant risk of 
right ventricular dilatation and progressive failure. Most recently, 
the development of a pulmonary valve that can be deployed via 
catheterization has effectively produced a reduction in both steno
sis and regurgitation across the valve. In doing so, tPVR has reduced 
right ventricular pressures, improved biventricular function, and 
reduced arrhythmogenic electrical remodeling, thus becoming the 
therapy of choice for repair of stenotic RVOT conduits. With evolv
ing technology, tPVR may also soon compete with surgical valve 
replacement for chronic severe native outflow regurgitation.

Indications
Given the relatively recent development and utilization of tPVR, 
precise indications for and timing of intervention have yet to be 
firmly established. Theoretically, ideal timing is prior to the point at 
which replacement of a competent valve can no longer re‐establish 
normalization of ventricular volumes and function. Consensus 
guidelines for intervention in pediatric cardiac disease advocate use 
in patients with a right ventricle to pulmonary conduit and associ
ated moderate to severe pulmonary regurgitation or stenosis, pro
vided the patient meets inclusion and exclusion criteria for the 
available valve (Melody™; Medtronic, Minneapolis, MN, USA and 
SAPIEN™; Edwards Lifesciences LLC, Irvine, CA, USA) [3]. The 
Melody trial also included a mean RVOT gradient of ≥35 mmHg as 
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an indication to intervene [37]. As a source of comparison, surgical 
guidelines suggest that surgical replacement is typically indicated 
for patients with a right ventricular end diastolic volume (RVEDV) 
greater than 150 mL/m2 on cardiac MRI [38]. These guidelines 
reflect the different cohort of patients with predominant pulmo
nary regurgitation that are usually assessed for surgical valve 
replacement. In each case, cardiac MRI provides accurate assess
ments of ventricular volumes, function, and regurgitant fraction. 
However, MRI is time‐consuming, uncomfortable for patients, and 
may require sedation in young patients with tenuous ventricular 
function.

As a result of these disadvantages of cardiac MRI, the US 
Melody clinical trial investigated the reliability and accuracy of 
right heart evaluation via echocardiography and the results were 
striking. Assessment of RVOT obstruction with Doppler echo
cardiography correlates closely with gradient evaluation by cathe
terization and three‐point severity scale assessment of valve 
regurgitation was consistent with cardiac MRI derived regurgitant 
fraction. Perhaps most notably, patients with an indexed apical dias
tolic area >30 cm2/m2 by echocardiography correlated extremely 
well with patients with RVEDV >160 mL/m2 by cardiac MRI. 
These results suggest that echocardiography, a significantly less 
cumbersome imaging modality, can be utilized as a screening 
modality for tPVR candidates [37]. The primary limitations of 
echocardiography in this setting are that it does not provide 
detailed imaging of the RVOT and branch pulmonary arteries, 
assessment of the degree of conduit calcification, or adequate eval
uation of the relationship of coronary arteries to the conduit. 
However, in this setting cardiac computed tomography (CT) has 
the capacity to provide superior temporal and spatial resolution 
than cardiac MRI for these indices.

In addition to the degree of conduit dysfunction and right ven
tricular dysfunction, increased propensity for arrhythmia also guides 
intervention with tPVR. Significant pulmonary valve regurgitation 
that results in right ventricular dilatation also produces a significant 
degree of electrical remodeling and in turn an increased propensity 
for ventricular arrhythmias. A 10‐year follow‐up  demonstrated that 
a prolonged QRS duration >180 ms is associated with a 42‐fold 
increased risk of developing sustained ventricular tachycardia and a 
2.2‐fold increased risk of sudden cardiac death [39]. With resolution 
of significant pulmonary regurgitation, tPVR has been demon
strated to reduce QRS duration [40], and in doing so reduce the risk 
of ventricular arrhythmia and sudden cardiac death.

Procedural technique
Prior to intervention it is imperative to assess the proximity of the 
coronary vessels to the RVOT, as coronary compression is a well‐
documented complication reported in approximately 4% of cases 
[41]. Once this relationship is established, pre‐stenting of the con
duit should be performed. Pre‐stenting of the conduit serves to 
minimize the degree of residual stenosis as well as decrease the rate 
of stent fracture, seen predominantly with the Melody valve [42].

Once coronary assessment and pre‐stenting is completed, tPVR 
proceeds with one of two currently available valves. Delivery of 
each valve requires a delivery sheath that is at least 22 Fr, although 
refinements in SAPIEN valve technology and delivery sheaths for 
transcatheter aortic valve replacement can benefit those requiring 
tPVR. The significant sheath size requirement has precluded the 
use of transfemoral access in smaller patients (typically <30 kg). In 
such cases, access through the internal jugular vein or via a right 
ventricular free wall approach can be utilized [43].

The Melody valve is a bovine jugular vein sewn inside a Cheatham‐
Platinum stent that is hand‐crimped onto a balloon‐in‐balloon angi
oplasty balloon catheter. The valve’s companion delivery system, the 
Ensemble delivery system, and Melody valve are introduced into the 
access vein and advanced to the RVOT. When proper placement has 
been achieved, the inner and then outer balloon system are inflated, 
thus securing the valve in place (Figure  66.1). Alternatively, the 
SAPIEN valve is formed from an arrangement of three bovine peri
cardial leaflets sewn inside a stainless steel stent. The valve is crimped 
onto the delivery balloon by a crimper and then advanced in a simi
lar fashion. In both cases, wire position and stiffness are vital to cre
ating enough, but not too much, support to advance the large and 
stiff valve system around the right heart.

The newer Edwards valve, SAPIEN XT, made of cobalt chro
mium, and new delivery catheter, NovaFlex, can be inserted via a 
larger 18–20 Fr expandable sheath (eSheath).

Complications
The complications associated with tPVR can be divided into those 
seen peri‐procedurally and those seen commonly at follow‐up. 
First, conduit rupture has been documented as a consequence of 
balloon dilatation of the homograft during pre‐stenting [44]. Such 
cases typically occur as a consequence of dilatation of severely calci
fied homografts with significantly reduced compliance, although 
the exact mechanisms are unclear and hence deciphering a risk pro
file for each patient has not been possible to date. Balloon dilatation 
of the RVOT is essential to assess for potential coronary artery com
pression. This assessment is often one of the subtlest yet most 
important aspects of the procedure, as one must decide how aggres
sive to be in relation to ruling out coronary compression. In either 
case, it is imperative to have covered stents available to address 
potential conduit rupture [45].

Following deployment of the new valve, patients may demonstrate 
valve dislodgement and resultant device embolization. The valve 
typically embolizes in a retrograde fashion to the right ventricle 
where percutaneous retrieval is possible though technically chal
lenging. In the event percutaneous retrieval is not feasible, the stent 
must then be retrieved surgically [46]. Finally, coronary artery com
pression is a complication that can be avoided with adequate pre‐
intervention surveillance. The importance of monitoring is reiterated 
by the fact that US Melody cohort study demonstrated that 4.4% of 
included patients demonstrated unfavorable coronary anatomy [47].

Following intervention, the most common complication and 
indication for reintervention is stent fracture. The incidence of stent 
fracture with the Melody valve has been quite significant, with doc
umented incidence as high as 22% [44,47]. Stent fracture can result 
in the recurrence of significant RVOT obstruction and resultant 
elevation in right ventricular pressures. However, a more recent 
study with a pre‐stenting of 95% demonstrated a stent fracture rate 
of less than 5% [48], suggesting that this measure is able to signifi
cantly reduce this troubling complication. Endocarditis, particu
larly with the Melody valve, is also a concern. Close observation of 
the true rates of endocarditis is warranted.

Outcomes
Post‐procedural evaluation of both the Melody and SAPIEN valves 
has demonstrated significant reduction in indicators of pulmonary 
valve dysfunction with low rates of morbidity and valve failure. 
Lurz et al. [44] demonstrated improvement in right ventricle to pul
monary artery gradient from a mean of 37 to 17 mmHg and right 
ventricle systolic pressure from 63 to 45 mmHg with the use of the 
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Melody valve [44]. McElhinney et  al. [47] demonstrated similar 
results of tPVR with Melody valve with mean gradient reduction 
from 28.1 to 12.7 mmHg, and right ventricle systolic pressure 
reduction from 61.6 to 47.2 mmHg. Investigation of the SAPIEN 

valve has yielded comparable results with an effective reduction of 
gradient from 27 to 12 mmHg [49].

At this time direct comparisons between surgical valve revision and 
tPVR are not available; however, tPVR outcomes have demonstrated 

(A) (B) (C) (D)

(a) (b) (c) (d)

(E) (F) (G) (H)

(e) (f) (g) (h)

Figure 66.1 Fluoroscopic images demonstrating implantation of Melody® valve (Antero‐posterior view, capital letters; lateral views, lowercase). 
A: Angiography distal to the bioprosthetic valve demonstrates some RVOT narrowing with concomitant pulmonary regurgitation. B: Delivery and 
(C) balloon inflation of pre‐stent, followed by (D) angiography without evidence of damage to RVOT. E: Delivery and (F) balloon inflation of the 
Melody valve within the pre‐stented RVOT. G: Appropriate positioning of the Melody valve, and (H) final angiography without evidence of 
pulmonary regurgitation. Coronary angiography was performed prior to pre‐stenting and demonstrated remote take‐off and course of the left 
coronary artery. Compression is deemed to be less likely in the setting of a pre‐existing bioprostheis.
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low valve failure rates. As further experience is gained the incidence 
of adverse events continues to decline and has been cited at approxi
mately 5% [44,47]. Similarly, mean freedom from reintervention at 
1 year had been documented as high as 94% [47] and as high as 70% 
at 70 months [44].

the future
Although tPVR is evolving into an acceptable alternative to sur
gery, much uncertainty exists as longer term data are lacking. It 
appears that initial benefits on right ventricular remodeling occur 
within the first 6 months with limited further changes in RVEDV 
or ejection fraction as measured by MRI at 1 year [50]. However, 
this is likely to mirror surgical data, and concerns should be tar
geted less toward continued right ventricle remodeling than valve 
and stent durability. There is every reason to believe that valve 
durability will be at least as good as surgical valve replacement, as 
reports have demonstrated pulmonary regurgitant fractions ≥30% 
at 1 year in 7% of surgical valve replacement patients [38]. However, 
it may be difficult to recruit patients into a randomized clinical 
trial to prove this considering patient preference for tPVR. A recent 
meta‐analysis of PVR after tetralogy of Fallot repair in 3118 
patients from 48 studies revealed pooled 5‐year re‐replacement of 
the pulmonary valve of 4.9% [51] and mirroring this in the shorter 

term must be a targeted goal. Although risk factors for re‐intervention 
are being identified [52], the exact pathologic mechanisms of 
valve degeneration in a host of different conduits have only been 
postulated on through case reports [53]. One attractive option with 
tPVR is the potential for further valve replacement with the valve‐
in‐valve technique, extending the number of repeat percutaneous 
valve replacements to an as yet undefined number [54].

Strategies for the future should be threefold: The first should be 
consolidating and improving upon current techniques to minimize 
procedural risk and simplify follow‐up protocols thus reducing 
cost, which is not inconsiderable [55,56], and inconvenience to the 
patient. Intracardiac echocardiography has provided excellent 
imaging of valve function in the acute phase confirming valve com
petency, which can be otherwise distorted by catheters required for 
post‐deployment angiography and can provide more accurate post‐
deployment assessment of valve function.

The second endeavor should be aimed at further valve devel
opment to extend technology to those with native RVOTs. 
Although deployment of balloon expandable stents in native out
flow tracts is evolving with larger valve systems, SAPIEN XT is 
available in 29 mm, and has been deployed in the pulmonary 
position [57], it is likely a self‐expanding system will gain wider 
clinical acceptance. Clinical reports of a new valve sewn into a self‐ 
expanding nitinol frame have been described (Figure 66.2) [58]; 

(a)

(b) (c)

Figure 66.2 Self‐expanding Medtronic Atlas valve and delivery system, currently being developed for native RVOT implantation. (a) Valve as 
viewed from short axis; (b) being loaded into delivery system; and (c) completely loaded and ready for delivery.
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however, applicability of this technology over the anatomic and 
dynamic variability that exists within the RVOT [59] remains 
questionable and further modifications may be necessary. 
The outcomes of a small feasibility trial in 20 patients using this 
valve are awaited. Other self‐expanding valve systems are in 
development.

The Venus Pulmonary Valve (Venus Medtech, Shanghai, China) 
is a self‐expandable nitinol multilevel support frame with a tri‐
leaflet porcine pericardial tissue valve (Figure  66.3a) with a 
19–24Fr delivery catheter (Figure 66.3b). The entire stent is cov
ered, except the distal cells, by porcine pericardial tissue. A flared 
uncovered outflow end secures anchoring at the distal (pulmo
nary artery bifurcation) end with radio‐opaque markers indicat
ing the distal anchoring position and the valve location. The 
proximal end is also flared but covered allowing conformability 
within the dilated RVOT. Stent valve diameters range from 
24–36 mm (in 2‐mm increments) with each diameter available in 
25 and 30 mm straight sections lengths. Early clinical experience 
is promising with excellent early valve function and right ventricle 
remodeling reported [60].

The last endeavor should be to merge these approaches with tis
sue engineering technologies to provide living autologous valve 

replacements with regenerative and growth potential. This approach 
has been described in an animal model [61], and although repre
senting the longer term goal of valve replacement, this may be some 
way off as yet.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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The field of structural heart interventions is one that is expanding 
at an exponential pace. The role of the interventional echocardiog
rapher and/or cardiac imaging specialist has become increasingly 
important to assist with the planning and guidance of these inter
ventions. This chapter discusses the general role of imaging and 
specific role of echocardiography as an adjunct for selected 
 structural heart interventions. As more types of interventions and 
devices become available, the role of the imager will continue to 
grow and develop. While imaging technology continues to improve 
in parallel with interventional techniques, it remains crucially 
important to understand the limitations of available imaging 
modalities. The interventional echocardiographer and imaging 
specialist have an important role in anticipating when imaging may 
be suboptimal and communicating this information to the inter
ventional team.

Transcatheter aortic valve replacement
Transcatheter aortic valve replacement (TAVR) has become an 
alternative to surgery in patients with severe aortic stenosis (AS) 
who are inoperable or at high risk for surgical aortic valve replace
ment. Imaging is important to support TAVR procedures and assess 
potential complications. The determination of AS severity and the 
indications for intervention are discussed in recent guidelines [1,2]. 
Several excellent comprehensive reviews on the role of imaging 
during TAVR have also been recently published [3–7].

Knowing the planned procedural access site is an important 
 initial consideration for the imager. Potential access sites include 
transfemoral, transapical, transcaval, transaortic, or transcarotid 
approaches. Basic knowledge about these approaches is important 
and can help the imager anticipate some of the information that will 
be needed during the procedure. For example, if a transapical 
approach is chosen, the imager can be asked to assist with localiza
tion of an optimal apical site for access and identification of any 
abnormalities such as apical thrombi that can result in significant 
complications.

Another important initial consideration involves the type of 
valve. The role of the imager may be different during cases in which 
a balloon‐expandable valve is chosen compared to cases in which a 
self‐expanding valve is chosen. Additionally, the anticipated com
plications are different for different types of valves. The current 

 balloon‐expandable valves include the second‐generation SAPIEN 
XT and the third‐generation SAPIEN 3 (Edwards Lifesicences, 
Irvine, CA, USA) [3,4]. The SAPIEN XT is composed of three 
bovine pericardial leaflets mounted on a cobalt chromium stent. 
The valve is deployed by delivering it to the desired site crimped 
over a balloon, and the balloon is then inflated to expand the valve 
(Figure 67.1). A fabric skirt mounted inside of the valve stent below 
the leaflets allows the valve to seal at the aortic annulus. There are 
three available sizes: 23, 26, and 29 mm. It is important to note that 
not all aortic annuli come in three sizes, and cases will often be 
encountered in which the annular size falls outside of the ideal 
range. Important aspects of valve sizing are discussed further later. 
The SAPIEN 3 requires a smaller delivery system and also has an 
outer skirt designed to attempt to reduce paravalvular leak (PVL), 
which remains one of the major complications of TAVR. The evalu
ation of PVL is also discussed later. The SAPIEN 3 also has a 20 mm 
valve size that allows for a wider range of annular dimensions to 
be  considered for intervention. The CoreValve (Medtronic, 
Minneapolis, MN, USA) is a porcine pericardial valve mounted 
within a self‐expanding nitinol frame [3,4]. A skirt is also mounted 
within the frame. As the valve is unsheathed, it deploys on its own, 
and the outflow end of the valve sits in the ascending aorta 
(Figure 67.2). It is available in four sizes: 23, 26, 29, and 31 mm.

When choosing the appropriate valve size, the most important 
measurement is the annular plane at the level of the hinge points 
(the lowest point of attachment of the three native aortic valve 
cusps) [4]. Because the annulus is often asymmetric and oval, 
 echocardiographic measurement is challenging. The standard 
 two‐dimensional (2D) transthoracic echocardiographic (TTE) para
sternal long‐axis view is used to measure left ventricular outflow 
tract (LVOT) dimension for the calculation of aortic valve area by 
the continuity equation. However, this view is insufficient on its 
own for TAVR valve sizing. It is currently recommended to use 
either three‐dimensional (3D) transesophageal echocardiography 
(TEE), computed tomography (CT), or both. With 3D TEE, annu
lar sizing can be accomplished by rotating the planar views to cut 
through the aortic valve hinge points at the widest orthogonal 
dimensions of the aortic annulus. The resulting short‐axis image 
can be used to either directly planimeter annular dimensions and 
area or indirectly obtain this information by marking off the annu
lar hinge points on the corresponding long‐axis planes at end‐systole 
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[4]. If the indirect method is used, the points along the annulus are 
marked off and the echocardiographic software package then calcu
lates annular dimensions and area (Figure  67.3). Because of the 
lower frame rate of 3D imaging than 2D imaging, it can be chal
lenging to determine the occurrence of end‐systole; the exact 
instant of end‐systole often falls between two consecutive frames. 
In part because of this limitation, and because of the more invasive 
nature of TEE, CT has been used at many centers as an alternate 

method to calculate annular dimensions and area. With CT, the 
annular plane is identified in a similar fashion, by identifying the 
hinge points and then identifying the appropriate transaxial slice. 
Annular sizing with indirect planimetry on 3D TEE closely approx
imates that of CT and predicts mild or greater PVL with equivalent 
accuracy [8].

Ranges of annular area that correspond to available valve sizes have 
been published for both balloon‐expandable and self‐expanding 

(a) (b)

(c) (d)

Figure 67.1 Two‐dimensional transesophageal echocardiographic views demonstrating deployment of a balloon‐expandable valve. (a) The stent 
frame crimped around the balloon. (b) The balloon in the process of expansion. (c) The balloon fully expanded. (d) The final result, with the 
balloon pulled back and the valve fully deployed.

Figure 67.2 Two‐dimensional transesophageal echocardiographic views demonstrating deployment of a self‐expanding valve; the valve frame 
expands on its own (from left to right) as it is unsheathed.
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valves [4]. Valves can be oversized compared to the native aortic 
annulus to ensure stable seating and minimize PVL. However, over
sizing by >20% of aortic annular area is associated with a greater risk 
of rupture [9]. In contrast, valve undersizing can impact both PVL 
severity and transvalvular hemodynamic performance. In some 
cases, when the annular size falls in between two of the available valve 
size ranges, the interventionalist needs to consider intentional under
expansion of a larger valve, although again this can impact valve 
hemodynamics and performance.

Additional important observations must be made during the ini
tial work‐up to determine TAVR candidacy. These observations 
are made at each anatomic level, from the LVOT to the aortic sino
tubular junction and beyond [4]. When assessing the LVOT, the 
imager should note the presence of marked basal septal hypertro
phy. This is related to compensatory hypertrophy secondary to 
pressure overload in AS. Additionally, a sigmoid‐shaped septum is 
often observed in older individuals. Marked basal septal hypertro
phy can complicate the TAVR procedure by impeding the ability of 
the interventionalist to maintain coaxiality of the valve delivery 
system. As discussed further later, maintenance of coaxiality of the 
valve delivery system is an important component of valve position
ing and deployment. Another important complication that can be 
observed during cases in which the septum is hypertrophied and 
hyperdynamic is post‐procedural LVOT obstruction and mitral 
regurgitation (MR) from systolic anterior motion of the anterior 
mitral valve (MV) leaflet. In contrast, a thin septum can increase 
the risk of iatrogenic ventricular septal defect, and a calcified sep
tum can increase the risk of post‐deployment PVL and of annular 
rupture [4].

The native aortic valve leaflets must also be assessed for bulky 
calcification [4]. Not only can significant calcification impact valve 
deployment and seating, it can also lead to complications such as 
PVL, coronary occlusion (by displacement of calcium into the 
ostium of a coronary artery), or aortic trauma (annular or root per
foration, rupture, hematoma, or dissection). Procedural results can 
be worse in patients with native bicuspid aortic valve disease, 
although this remains an area of active research [4].

Above the aortic valve, it is important to assess the sinuses of 
Valsalva, sinotubular junction, and the positions of the coronary 
ostia [4]. Occlusion of the left main coronary artery is more com
mon than occlusion of the right coronary artery, and this is usually 

caused by displacement of a calcified nodule or a calcified native 
valve leaflet. Both TEE and CT can be used to measure coronary 
height above the annulus, and coronary patency can be monitored 
during the procedure both echocardiographically and angiographi
cally [4]. It is also important to note the presence of plaques in the 
aortic arch and descending aorta, as these can impact the proce
dural approach, particularly if catheters will be directed retro
gradely up the aorta.

After determining that a patient is a reasonable candidate for 
TAVR, it is important to consider the most appropriate intraproce
dural imaging modality. While fluoroscopy and angiography remain 
the primary imaging tools used by the interventional cardiologist 
during the procedure, echocardiography has a very important 
adjunctive role in monitoring valve delivery and deployment as well 
as assessing for post‐deployment complications. The choice of TTE 
versus TEE as the main echocardiographic adjunct to intraproce
dural fluoroscopy and angiography remains an area of intense 
debate [10]. While TEE is most commonly used as the complemen
tary imaging modality to fluoroscopy and angiography during the 
procedure, TTE is an acceptable alternative in transfemoral cases 
when the use of conscious sedation is planned as opposed to general 
anesthesia [11]. When deciding whether to choose TTE over TEE 
for intraprocedural guidance, it is important to consider the ade
quacy and quality of pre‐procedural TTE images. Difficulties with 
obtaining adequate acoustic windows are likely to be exacerbated 
during the procedure, as are difficulties with visualization bcause 
of acoustic shadowing or artifacts. It is important for the interven
tional echocardiographer or advanced cardiac imaging specialist 
to  convey to the interventionalist when imaging difficulties and 
 suboptimal image quality are anticipated intraprocedurally based 
on the pre‐procedural assessment. Useful TTE views include the 
parasternal long‐axis and short‐axis views as well as the apical five‐
chamber and three‐chamber views. Useful TEE views include the 
mid‐esophageal long‐axis (110–130°) and short‐axis (30–50°) views 
as well as the deep transgastric view (120°) looking upward at the 
LVOT and aortic prosthesis from a more inferior position.

Balloon aortic valvuloplasty (BAV) can be performed prior to 
TAVR to increase cusp exertion and to confirm annular sizing 
(Figure  67.4) [4]. BAV can also be useful to predict calcium dis
placement during final valve deployment and assure adequate coro
nary artery perfusion during balloon inflation [4]. Complications 

Figure 67.3 With three‐dimensional transesophageal echocardiographic imaging, two orthogonal long‐axis planes can be identified after a full 
volume is obtained (green and red panels). The hinge points are marked off on these two panels and the results are shown on the short‐axis 
image (blue panel). The software then calculates annular dimensions and area.
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of BAV include acute coronary occlusion, severe aortic regurgita
tion, or aortic trauma with the possibility of resultant cardiac 
tamponade.

Prior to deployment of a balloon‐expandable valve, the echocar
diographer must consider the coaxiality of the stent frame with the 
aortic annulus as well as the position of the edges of the stent frame 
with the aortic leaflets [4]. While maintaining coaxiality is very 
important, it is often difficult for the interventional cardiologist to 
obtain a perfect alignment. However, small deviations from a per
fectly coaxial alignment will often correct themselves as the valve is 
being expanded. Prior to balloon expansion, the distal edge of 
the stent frame should cover the native leaflets but remain below 
the  sinotubular junction and coronary ostia (Figure  67.5). 
Differentiation of the crimped stent from the underlying balloon 
can sometimes be difficult despite concerted efforts to tilt and 
rotate the ultrasound probe, especially in cases with poor acoustic 

windows or significant acoustic shadowing. Options for better dif
ferentiation include reducing the echocardiographic gain or using 
live 3D imaging, if available [4]. Correlation with fluoroscopy and 
angiography can also increase confidence in appropriate stent 
frame positioning prior to valve deployment. Compared with the 
deployment of a balloon‐expandable valve, the deployment of a 
self‐expanding valve is a more gradual procedure, and fluoroscopy 
plays the primary part during procedural deployment as the valve 
is  unsheathed. Echocardiography can assist in the diagnosis of 
deployment‐related complications, such as PVL.

Echocardiography perhaps has its most critical role in assessing 
procedural complications after valve deployment. There are a num
ber of observations that must be made to provide the interventional 
team with an integrated and comprehensive determination of pro
cedural success. Many of these post‐deployment observations rely 
on a combination of 2D and color Doppler imaging. Spectral 
Doppler can also be employed to assess valve hemodynamic func
tion and gradients. It is often useful to correlate this information 
with invasive hemodynamic measurements obtained by the inter
ventional cardiologist.

Initial observations include stent positioning, shape, and leaflet 
motion [4]. Leaflets that appear to open completely are unlikely to 
be associated with hemodynamically significant prosthetic valve 
stenosis. However, this qualitative information on valve opening 
and closing can be compared with quantitative determination of 
gradients by continuous wave Doppler. It can be more difficult to 
measure gradients across the valve with TEE than with TTE, as it is 
often more difficult to obtain adequate the deep transgastric views 
on TEE compared to the apical views obtained from the transtho
racic approach. The ultrasound beam should be aligned as parallel 
as possible to the direction of blood flow to obtain the most accu
rate assessment of gradients across the valve.

A global assessment of left and right ventricular function should 
be made post‐deployment, and new regional wall motion abnor
malities should be noted [4]. A change in cardiac function can 
reflect consequences of rapid pacing used during balloon inflation, 
which can result in low forward cardiac output, with resultant 
hypotension and ischemia. A change in ventricular function can 
also result from coronary occlusion, and thus it is also important to 
assess for coronary patency post‐deployment, as discussed earlier 
[4]. Coronary patency can be assessed with 2D imaging, and coro
nary arterial flow can be confirmed using color Doppler. This infor
mation can be correlated to that observed with post‐deployment 
angiography, with power injection of contrast into the aortic root.

Other important observations include assessing the LVOT for 
obstruction, evaluating the function of the other cardiac valves, 
assessing the aortic annulus and root for signs of iatrogenic trauma, 
and evaluating for any rapidly accumulating pericardial effusion. 
LVOT obstruction can be seen in cases of basal septal hypertrophy 
and can be exacerbated by increased circulating catecholamines 
and relative hypovolemia [4]. Worsening MR can be a result of sys
tolic anterior motion of the anterior mitral valve leaflet, or it could 
reflect damage to the mitral valve apparatus during the procedure 
[4]. If iatrogenic, the MR may be associated with chordal rupture or 
a flail MV leaflet. Additionally, the possibility of ischemic MR must 
be considered if the MR is observed in conjunction with new wall 
motion abnormalities after rapid pacing or after coronary occlu
sion. Iatrogenic ventricular septal defect can also be seen if the sep
tum is perforated by the delivery apparatus. Dreaded aortic 
complications include rupture, dissection, and hematoma. Aortic 
trauma can be related to deployment itself or can be related to the 

Figure 67.4 Two‐dimensional transesophageal echocardiographic 
view of a balloon being inflated during balloon aortic valvuloplasty.

Figure 67.5 Two‐dimensional transesophageal echocardiographic 
view of a valve stent frame that has been crimped around a balloon 
and is in the process of being positioned. The yellow arrows mark the 
edge of the stent frame, while the green arrows mark the edge of the 
balloon. Sometimes it can be difficult to differentiate the stent frame 
from the balloon.
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displacement of sharp, bulky calcium into the aortic root during the 
procedure. If there is concern for aortic pathology post‐deployment, 
it is important to correlate the appearance of the aortic root with 
that observed on pre‐deployment images. Pericardial effusion can 
be caused by aortic perforation or rupture, or it can be related to 
cardiac chamber perforation from the right ventricular pacing wire 
or from the valve deployment apparatus. A rapidly accumulating 
pericardial effusion in a pericardial sac unaccustomed to such 
an  effusion can result in potentially fatal cardiac tamponade. 
Comparison to pre‐deployment images is critically important when 
assessing for progression of a pericardial effusion, especially if an 
effusion was present at the start of the procedure.

Echocardiography also has a major role in assessing the presence 
and severity of post‐deployment PVL (Figures  67.6 and 67.7). In 
many cases this ends up being the primary component of the post‐
deployment assessment. Moderate or severe PVL is common after 
TAVR, with an incidence of approximately 14% at 30 days in the 
PARTNER trial [12]. This complication was far more common than 

similar degrees of PVL after surgical aortic valve replacement. PVL 
has been shown to be an independent predictor of mortality after 
the procedure, and even mild PVL was associated with an increased 
risk of mortality in the PARTNER trial [12,13], though this finding 
remains controversial, as other studies have not found a similar 
association between mild or trace PVL and mortality [14]. The 
development of PVL after TAVR can be related to annular issues, 
such as significant calcification, or it may be related technical and 
device‐related issues, such as valve undersizing or maldeployment 
[14,15]. While valve oversizing can reduce the risk of significant 
PVL, it can increase the risk of annular rupture, coronary artery 
occlusion, and arrhythmic complications [14,16].

The assessment of PVL severity is not straightforward. Shielding 
and reverberations from the valvular frame or from the native calci
fied root that can obscure visualization can occur. In addition, the 
regurgitant orifices tend to be crescentic and irregular, leading to 
eccentric regurgitant jets that can be difficult to quantify [14,15]. 
Several guidelines regarding the grading of PVL severity have been 
published [1,3,7,17,18]. Semi‐quantitative parameters include 
regurgitant jet width as a percentage of LVOT width and diastolic 
flow reversal in the proximal descending aorta. Quantitative para
meters include regurgitant volume, regurgitant fraction, and effec
tive regurgitant orifice area. A criterion about which there has been 
some disagreement has been the circumferential extent of the 
regurgitant jet expressed as a percentage of the aortic annular 
 circumference on the short‐axis view (either the transthoracic para
sternal short‐axis view or the transesophageal mid‐esophageal 
short‐axis view at 30–50°; Figure 67.8). While earlier publications 
endorse using a cut‐off of >20% for severe PVL [3,18], more recent 
publications suggest a cut‐off of >30% for severe PVL [7,17]. There 
is acknowledgment that this criterion is not well‐validated and may 
overestimate PVL severity compared to quantitative Doppler echo
cardiography [17]. Because of the difficulty in characterizing PVL 
severity solely based on echocardiographic assessment, cardiovas
cular magnetic resonance (CMR) imaging has emerged as an alter
nate option [19]. Compared with CMR, the circumferential extent 
of PVL visualized echocardiographically in short‐axis tends to 
overestimate PVL severity [20]. A regurgitant fraction >20%, as cal
culated by CMR, has been associated with a higher incidence of 
adverse events after TAVR [21].

While there are no universally established guidelines for the 
management of PVL after TAVR, potential intraprocedural options 
include balloon post‐dilatation, valve repositioning by snaring, 
valve‐in‐valve replacement, or surgical conversion [14,15,22–24]. 
In patients with chronic PVL after TAVR, transcatheter device clo
sure is an option [25,26]. Echocardiography is an important adjunct 
to these percutaneous closure procedures. TEE is generally the pre
ferred imaging modality in this setting [3], although the use of 
intracardiac echocardiography has also been reported [27]. 3D TEE 
can also be used to demonstrate the irregular crescentric shape of 
the defect or defects and assist with accurate defect sizing [3]. The 
interventional echocardiographer must be cautious to avoid over
diagnosing areas of echocardiographic dropout as paravalvular 
defects; the addition of color Doppler can be helpful in avoiding 
this pitfall. The echocardiographer can assist the interventional 
 cardiologist in following the passage of the guidewire and catheter 
through the defect [3], although the interventional cardiologist can 
also be use hemodynamic, fluoroscopic, and contrast‐based angio
graphic data for this purpose. Subsequently, the echocardiographer 
can assure proper positioning of the selected closure device, proper 
seating of the device, and assess for residual regurgitation after device 

Figure 67.6 Two‐dimensional transthoracic echocardiographic view 
demonstrating significant paravalvular leak after balloon‐expandable 
valve deployment (yellow arrow).

Figure 67.7 Two‐dimensional transesophageal echocardiographic 
view demonstrating significant paravalvular leak after self‐expandable 
valve deployment (yellow arrow).
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closure (Figure 67.9). It is important to ensure that device closure of 
a defect does not result in deterioration of prosthetic valve function; 
this undesired outcome would most commonly be caused by 
 hindering of prosthetic leaflet motion by the closure device. When 
the defect is large or multiple defects exist, multiple closure devices 
may be required. Even when device closure results in hemo
dynamic improvement of the degree of regurgitation, it is possible 
for small amounts of residual regurgitation to result in significant 
hemolysis [3]. As with the index TAVR procedure, the echo
cardiographer must remain aware of the litany of potential 
 complications that occur during repeat aortic valve intervention, 
as previously discussed.

Percutaneous mitral valve repair
Percutaneous MV repair has emerged as a therapeutic option for 
patients with significant symptomatic MR who are deemed to be 
too high risk for surgery or who have had previous cardiac surger
ies. The current device used for percutaneous MV repair is the 
MitraClip (Abbott Vascular, Santa Clara, CA, USA). The preferred 
imaging modality to support percutaneous MV repair is TEE using 
a combination of 2D and 3D imaging; the procedure is typically 
performed under general anesthesia with endotracheal intubation, 
obviating the discomfort to the patient associated with prolonged 
TEE imaging. The role of the echocardiographer in pre‐procedural 
planning, intraprocedural guidance, and post‐procedural follow‐up 

Figure 67.8 The left panel demonstrates severe paravalvular regurgitation visualized in short‐axis. In the right panel, the left ventricular outflow 
tract area is traced in green and the regurgitant flow is traced in yellow. Note that the yellow tracings cover >30% of the circumferential extent 
of the left ventricular outflow tract. Also note the presence of multiple jets as well as the irregular crescentic shape of the regurgitant orifices.

Figure 67.9 Deployment of two vascular plugs for correction of paravalvular leak (yellow arrows).
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of percutaneous MV repair cannot be understated. While the fol
lowing discussion is centered on percutaneous MV repair, it is 
important to note that the echocardiographic techniques used for 
procedural guidance can also be applied to other MV interventions, 
such as percutaneous closure of a paraprosthetic defect to correct 
significant paraprosthetic regurgitation (Figure 67.10).

The MitraClip is a polyester fabric‐covered cobalt‐chromium 
implant which has two arms that can be opened and closed, as well 
as a steerable guiding mechanism [3]. The design of the MitraClip 
is intended to replicate the double MV orifice created using the sur
gical Aliferi edge‐to‐edge repair [28]. The device is delivered to the 
right atrium via a femoral venous approach and then across the 
interatrial septum to the left atrium via transseptal puncture. By 

aligning the device perpendicular to the line of coaptation between 
the involved leaflet segments, the goal is to grasp the involved leaf
lets and cinch them together with the clip mechanism, thus appos
ing the leaflets and reducing the degree of MR. The device has been 
used successfully in selected patients with either degenerative or 
functional MR [29]. In patients with flail MR, the flail gap, or gap 
between the flail leaflet and normal leaflet, should ideally be 
<10 mm wide, and the width of the flail segment or scallop should 
ideally be <15 mm [3]. Measurement of the flail gap is usually easily 
performed with 2D TEE imaging, while measurement of the flail 
width sometimes requires 3D imaging of the involved scallop. In 
functional MR that is secondary to left ventricular dysfunction, the 
length of leaflet tissue available for coaptation should ideally 

(a) (b)

(c) (d)

Figure 67.10 Three‐dimensional transesophageal echocardiographic imaging of a bioprosthetic mitral valve in a patient with significant 
paraprosthetic regurgitation. (a) Three defects (yellow arrows), all of which are confirmed by the addition of color Doppler (b). The most 
prominent regurgitant jet originates from the defect at the 6 o’clock position. (c) A catheter crossing the largest defect after transseptal 
puncture. (d) The final result with deployment of four closure devices. AV, aortic valve; LAA, left atrial appendage.
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be ≥2 mm in length and the depth from the mitral annular insertion 
points to the actual point of coaptation should ideally be ≤11 mm 
[3]. Determination of the severity of MR in the pre‐procedural set
ting incorporates a number of observations, including the structure 
of the mitral apparatus, left atrial and left ventricular size and func
tion, regurgitant jet area and vena contracta width by color Doppler, 
effective regurgitant orifice area (EROA) by the proximal isoveloc
ity surface area (PISA) method, flow quantification by pulsed wave 
Doppler, jet profile by continuous wave Doppler, the peak mitral E 
velocity on the mitral inflow profile, and the pulmonary venous 
flow profiles by pulsed wave Doppler [1,30]. It is also useful to note 
the pre‐procedural gradient across the mitral valve, as creation of 
the double orifice can increase the gradient across the valve signifi
cantly. It is important to understand that no single parameter in 
isolation can completely characterize MR severity, and a compre
hensive evaluation is required in the pre‐procedural setting in order 
to determine MR severity and procedural feasibility. It is also 
important to understand that the severity of MR can vary with 
loading conditions, and the assessment of severity can differ when 
the patient is ambulatory compared to when the patient is sedated 
under general anesthesia. As such, a focused re‐evaluation is often 
warranted in the early procedural stages to determine if there have 
been any significant changes in perceived MR severity.

During transseptal puncture, the bicaval view at 90° can help the 
interventional cardiologist locate the tip of the transseptal catheter. 
The echocardiographer should assess for “tenting” of the intera
trial  septum to localize the point of planned septal puncture 
(Figure 67.11). The mid‐esophageal short‐axis (30–50°) and four‐
chamber (0°) views can be used to determine where the tenting 
point is in relation to other structures such as the aortic annulus 
and the mitral annular insertion points. Ideally, the tenting should 
be observed about 3.5–4.0 cm above the insertion point of the 
mitral valve leaflets prior to leaflet puncture [3].

After transseptal puncture, the echocardiographer assists the 
interventional cardiologist with proper delivery of the device [3]. 

This often requires a combination of 2D and 3D TEE imaging, and 
the echocardiographer must be prepared to quickly switch back and 
forth between 2D and 3D. It is often very helpful use biplane 
 echocardiographic imaging to be able to simultaneously visualize 
the location of the device in two different orthogonal views 
(Figure 67.12). In the mid‐esophageal bicomissural view (55–75°), 
the medial edge of the mitral annulus will typically be oriented on 
the left side of the echocardiographic image, in close proximity to 
the interventricular septum, while the lateral edge of the mitral 
annulus will typically be oriented on the right side of the image, in 
close proximity to the left atrial appendage. In the mid‐esophageal 
long‐axis view (110–130°), the posterior edge of the mitral annulus 
will typically be oriented on the left side of the image and the ante
rior edge will be oriented on the left side of the image, in close prox
imity to the aortic valve and annulus. The ridge of tissue between 
the aortic and mitral valves (the aortic–mitral curtain) is often a 
useful landmark on 3D TEE imaging, as it should be placed at the 
top of the screen in the “surgeon’s view” looking down at the mitral 
valve from the left atrium (Figure 67.13). In this 3D view, the left 
atrial appendage will be on the left side of the screen at the 9 o’clock 
position and the aortic valve will be at the top of the screen at the 
12 o’clock position. The anterior MV leaflet will be toward the top 
of the screen and posterior MV leaflet will be toward the bottom. 
The orientation of the scallops progresses from A1 to A3 or P1 to P3 
in a left to right (lateral to medial) direction. By using a  combination 
of 2D and 3D TEE imaging, the echocardiographer can facilitate 
guidance of the device into the proper position above the largest 
regurgitant orifice and perpendicular to the line of coaptation 
(Figure  67.14). Opening the arms of the device while in the left 
atrium can facilitate this alignment, but the arms should be closed 
when the MV is crossed and the device is situated in the left 
ventricle.

Leaflet grasping is performed in the “grasping view,” which is 
essentially the mid‐esophageal long‐axis view between 110° and 
130°; occasionally angles higher than 130° are required to adequately 

Figure 67.11 Two‐dimensional transesophageal echocardiographic imaging of a transseptal puncture. The tenting of the interatrial septum is 
clearly visualized in the left panel (yellow arrow). The right panel demonstrates the measurement of the tenting height above the mitral annular 
insertion points. An imaginary line is drawn from the tenting point across the left atrium, parallel to the line connecting the mitral annular 
insertion points; a parallel line connecting these two is then drawn and measured (red lines). The green line shows the distance from the tenting 
point to the actual leaflet coaptation. The difference in distance between the green line and the red line represents the coaptation depth.
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visualize the MV leaflets in relation to the arms of the device, which 
have now been opened as the device is pulled back from the left ven
tricle toward the left atrium. Biplane echocardiographic imaging can 
be very useful at this point to ensure that the medial–lateral orienta
tion of the device remains stable while the device is advanced. The 
key is to ensure that both leaflets have been grasped by the grippers 
of the device; this can often be one of the more challenging aspects of 
intraprocedural imaging (Figure 67.15). 3D imaging can be used to 
help determine if a double orifice has been formed (Figure 67.16). In 
the mid‐esophageal bicommissural view, the medial orifice will be 
on the left and the lateral orifice will be on the right. If either leaflet 
has not been captured, or if it is unclear if both leaflets have been 
captured, the arms can be reopened and repeat grasps can be 
attempted. Once it is clear that both leaflets have been grasped, the 

echocardiographer should perform a focused evaluation using color 
Doppler to determine residual MR severity, continuous wave 
Doppler to determine the medial and lateral gradients in order to 
exclude hemodynamically significant mitral stenosis, and pulsed 
wave Doppler of the pulmonary venous flow profiles to determine if 
there has been improvement in the degree of systolic flow reversal or 
blunting. Correlation with invasively obtained hemodynamics by 
the interventionalist can be useful; these include mean left atrial 
pressure and left atrial V‐wave height pre‐ and post‐deployment. If 
there is still significant residual MR, the decision must be made 
whether to deploy the first clip and prepare a second clip for deploy
ment or to release the leaflets and attempt to regrasp at a more 
favorable position. It is not uncommon for a second clip to be 
required, and on occasion even a third clip is required. However, 
with each additional clip, it becomes increasingly important to 
exclude hemodynamically significant gradients across the valve.

Figure 67.12 Biplane echocardiographic images without (left panel) and with (right panel) superimposed color Doppler, demonstrating the 
device in both the medial–lateral orientation (left side of both panels) and posterior–anterior orientation (right side of both panels). The right 
side of both panels demonstrates the mid‐esophageal long‐axis grasping view used to determine if the leaflets have been appropriately cinched 
by the device.

Figure 67.13 Three‐dimensional transesophageal echocardiographic 
“surgeon’s view” of the mitral valve as seen from the perspective of 
the left atrium. The aortic valve (AV) and aortic–mitral curtain (AMC) 
are aligned at the 12 o’clock position, and the left atrial appendage 
(LAA) is at the 9 o’clock position. The scallops of the anterior mitral 
leaflet are labeled A1–A3, and those of the posterior mitral leaflet are 
labeled P1–P3.

Figure 67.14 Three‐dimensional transesophageal echocardiographic 
view of the device being aligned toward the mitral valve. Note that 
the device is perpendicular to the line of coaptation between the 
anterior and posterior leaflets.
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There are a number of potential complications of the procedure 
that can be imaged by TEE: chamber perforation with subsequent 
pericardial effusion formation; clip dehiscence after initial deploy
ment; or leaflet or chordal trauma related to the device itself [3]. 
Post‐procedural follow‐up becomes challenging in that some of the 
traditional measurements described for quantifying native MR 
severity [1,30] are no longer validated for quantifying MR severity 
post‐percutaneous MV repair. For example, flow quantification by 
pulsed wave Doppler becomes limited by the fact that there are now 
two pathways for flow to enter from the left atrium into the left 
ventricle [3]. Additionally, the calculation of EROA by the PISA 
method has not been validated in this setting, nor has it been 

 validated for the multiple regurgitant jets that can exist after clip 
deployment [3]. In this sense, pulmonary venous flow profiles take 
on added significance as surrogates for invasively measured 
hemodynamics.

Conclusions
The role of the structural imager in collaboration with the interven
tional cardiology team continues to grow and evolve. As imaging 
modalities continue to improve and new techniques become avail
able, the structural imager will become even more integral to the 
function of the structural heart team. A thorough understanding of 
the views and techniques used will help the imager apply these 
principles to a number of novel interventions that become available 
in the future.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Background and evidence
Stroke remains the third leading cause of death and leading cause of 
disability in the USA and Europe [1]. Preventive and interventional 
strategies should be a high priority. In this context, interventional 
therapies for stroke prevention have gained momentum in the last 
two decades and become accepted treatment strategies in a number 
of countries. Carotid stenting has been demonstrated equivalent to 
carotid endarterectomy in suitable patients [2,3], patent foramen 
ovale closure has recently been shown to be effective for secondary 
prevention in patients with cryptogenic stroke [4], and left atrial 
appendage closure was superior to anticoagulation with warfarin at 
longer term follow‐up in the largest randomized trial examining 
left atrial appendage closure published to date [5]. Moreover, to 
those involved in acute stroke intervention, based on personal 
experience of dramatic neurologic recovery (in selected patients) 
after timely culprit vessel revascularization, the merit of acute 
stroke intervention has been obvious. However, results of earlier 
randomized trials, with first generation devices, examining the 
e fficacy of acute stroke intervention were mixed [6–8]. Importantly, 
with the publication of five recent randomized controlled acute 
stroke trials showing superiority of thromboembolectomy in addi-
tion to usual care (thrombolysis) versus usual care alone, interven-
tional therapy has the potential to revolutionize acute stroke therapy 
in a similar manner as percutaneous coronary intervention has for 
treatment of acute myocardial infarction.

It is undisputed that thrombolysis significantly improves neuro-
logic outcomes in acute stroke. It is widely available and can be 
administered rapidly in most hospitals. Based mainly on the 
National Institute of Neurological Disorders and Stroke (NINDS) 
recombinant tissue plasminogen activator (rt‐PA) trial [9], in the 
absence of contraindications, rt‐PA (0.9 mg/kg body weight; maxi-
mum 90 mg, with 10% administered as a bolus followed by the 
remainder over 60 minutes without concomitant antiplatelet or 
anticoagulant therapy) is a recommended treatment for patients 
who present less than 4.5 hours after stroke onset. In the NINDS 
trial, patients treated with thrombolysis within 3 hours of stroke 

onset were 30% more likely to have minimal or no disability at 
3‐month follow‐up than patients in the control group [9]. Subsequently, 
based on the results of the ECASS III randomized controlled trial 
[10], the therapeutic window for intravenous thrombolysis was 
extended to 4.5 hours. Nevertheless, thrombolysis is accompanied 
by a number of shortcomings. First, only a very small number (<5%) 
of patients are eligible for thrombolysis based on late presentation or 
contraindications. Second, culprit vessel recanalization rates are 
lower than those observed after thrombolysis in acute myocardial 
infarction. For example, acute vessel patency rates are ≥70% after 
thrombolysis for acute myocardial infarction with second‐genera-
tion lytics [11] compared to 34% after thrombolysis for acute stroke 
[12]. The reason for the lower vessel patency rates may be the mech-
anism of initial vessel closure. Whereas in acute myocardial infarc-
tion the underlying mechanism is plaque rupture causing in situ 
thrombus formation, the overwhelming majority of strokes are 
caused by more heterogeneous embolic material from the carotid 
artery or aortic arch (including atherosclerotic debris with or with-
out superimposed thrombus) or heart that may not respond well to 
thrombolysis. Moreover, the re‐occlusion rate of intracerebral ves-
sels is high. For example, in one study of patients who underwent 
thrombolysis in the setting of a middle cerebral artery (MCA) 
occlusion in the M1/M2 segment, the re‐occlusion rate after initial 
recanalization was 34% [13]. Third, reperfusion into the injured 
brain tissue, in conjunction with a thrombolytic state, can lead to 
intracranial hemorrhage causing neurologic status deterioration in 
6.8–8.8% of patients (treated with lytics) [9,14], thereby limiting the 
benefit of therapy. It is therefore not surprising that the likelihood of 
death and major disability remains high (>50%), despite adminis-
tration of intravenous thrombolytic therapy [9,14,15].

In an effort to maximize thrombolytic effect in the culprit vessel 
while minimizing bleeding, intra‐arterial thrombolysis with rt‐PA 
was extensively studied.

In the Prolyse in Acute Cerebral Thromboembolism 1 
(PROACT‐1) (n = 26) [16], PROACT‐2 (n = 180) [17], and the 
Middle Cerebral Artery Embolism Local Fibrinolytic Trial (MELT) 
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(n = 114) [18], intra‐arterial lytic therapy administered to patients 
with MCA occlusions in conjunction with intravenous heparin was 
compared with intravenous heparin only. Several observations are 
worth mentioning. Though the stroke vessel patency rates (defined 
as TIMI II–III in PROACT‐1 and TIMI I–III in PROACT‐2) were 
higher after intra‐arterial lysis (58% vs. 14%, 66% vs. 18% in 
PROACT‐1 and 2), brisk, TIMI III, flow was seen in a minority of 
patients (18% in PROACT‐2). High doses of intravenous heparin 
(100 IU/kg loading dose followed by 1000 IU/hour) together with 
intra‐arterial thrombolysis resulted in unacceptably high intracra-
nial hemorrhage rates in PROACT‐1 (70% in the lytic arm versus 
20% in the control arm receiving intravenous heparin only) leading 
to heparin dose adjustment (2000 IU bolus followed by 500 IU/
hour) for the remainder of PROACT‐1 and 2. In PROACT‐2, sig-
nificantly more patients (40% vs. 25%; p = 0.045) achieved excellent 
neurologic outcomes (modified Rankin score ≤1) with no differ-
ence in mortality. Though in MELT there was no difference in the 
primary endpoint (modified Rankin score of ≤2), significantly 
more patients (42% vs. 23%) experienced an excellent neurologic 
recovery (defined as modified Rankin score of ≤1) after intra‐arterial 
lysis (predefined endpoint) with no difference in mortality.

Data comparing intra‐arterial with intravenous lytic therapy are 
limited. In a non‐randomized study of 112 patients exhibiting a 
hyperdense media sign consistent with an MCA occlusion compar-
ing intra‐arterial lytic therapy (within 6 hours of symptom onset) 
with intravenous thrombolysis (within 3 hours of stroke onset), a 
favorable neurologic outcome was seen in significantly more 
patients after intra‐arterial lysis (53% with modified Rankin score 
of ≤2 versus 23%; p <0.001) despite a shorter mean time to treat-
ment administration with intravenous compared with intra‐arterial 
thrombolysis (156 vs. 244 minutes) with significantly lower mortal-
ity (5% vs. 23%) in the group treated with intra‐arterial thromboly-
sis [19]. In the Interventional Management of Stroke trial (IMS) I, 
80 patients were assigned to reduced‐dose intravenous lytic therapy 
(0.6 mg/kg bodyweight; maximum 60 mg) with 15% administered 
as a bolus followed by 85% over 60 minutes followed by cerebral 
angiography and intra‐arterial lytic administration (up to 22 mg 
over a 2‐hour period) if residual thromboembolic material was seen 
[20]. Results were compared with historical controls from the 
NINDS‐rt‐PA trial. With this strategy, 62% of patients received 
intra‐arterial lytic therapy. At follow‐up, 43% of patients were left 
with a favorable neurologic outcome (modified Ranking score 
of ≤2) compared with 39% and 28% in the historical NINDS trial 
 population treated with and without lytics, respectively, with no 
 difference in intracranial hemorrhage rates. Of note, similar to 
aforementioned studies, brisk, TIMI III occurred in only a minority 
of patients (11%). In IMS‐II [21], a study with similar design as 
IMS‐I, 81 patients received the same dose of intravenous lytics 
 followed by angiography and intra‐arterial lytics if residual throm-
boembolic material was seen in addition to low energy ultrasound 
application at the site of thromboembolic material via the EKOS 
(EKOS Corporation, Bothell, WA, USA) microinfusion catheter 
with favorable neurologic outcome in 46% of patients and no 
increase in intracranial hemorrhage.

In summary, though in selected patients intra‐arterial lytic ther-
apy appears to be superior to anticoagulation with heparin only, 
data are limited and virtually no data are available comparing a 
strategy using intravenous lytics with intra‐arterial lytics as first line 
therapy. Even with intra‐arterial lytic therapy, brisk, TIMI III flow is 
the exception rather than the rule. In an analogy to mechanical 
coronary reperfusion for acute ST‐segment elevation myocardial 
infarction, an important observation appears to characterize most 

studies. The degree of neurologic recovery and mortality correlates 
closely with infarct or stroke vessel patency. For example, in a meta‐
analysis of 53 studies examining data from 2066 patients who 
underwent cerebral angiography within 24 hours of therapy, spon-
taneous recanalization was observed in only 24%, 46% of patients 
after intravenous and 63% after intra‐arterial thrombolysis [22]. 
Favorable neurologic recovery occurred in 58% of patients whose tar-
get vessel recanalized versus 25% when the target vessel remained 
occluded. Likewise, mortality was 42% in patients without and 12% in 
patients with successful target vessel recanalization. Furthermore, 
those vessels in which occlusion causes the most devastating n eurologic 
consequences (internal carotid, carotid T, proximal MCA, or basilar 
artery) are typically least likely to recanalized after thrombolysis.

The recognition of the importance of early stroke vessel recanali-
zation and the limitations encountered by thrombolytic therapy 
fostered the pursuit of mechanical thromboembolectomy. A num-
ber of thromboembolectomy devices have been studied. Initial 
enthusiasm was dampened by the announcement of the results of 
three trials in 2013, all of which did not show harm, but failed to 
demonstrate the expected benefit of mechanical thromboembolec-
tomy compared to intravenous thrombolysis. The IMS‐III trial was 
designed to randomize 900 patients to endovascular therapy in 
addition to conventional intravenous thrombolytic therapy versus 
conventional thrombolytic therapy alone but was stopped after 
enrollment of 656 patients demonstrated no additional benefit of 
endovascular therapy (primary endpoint of modified Rankin ≤2, 
41% with endovascular therapy in addition to intravenous throm-
bolysis and 39% with conventional intravenous thrombolysis alone) 
[6]. There was also no difference in mortality or intracranial hemor-
rhage rates. Several shortcomings deserve attention. First, major 
(large) vessel occlusion was documented in less than 50% of patients. 
Second, the time delay from intravenous thrombolytic administra-
tion to percutaneous mechanical therapy was long (equal to or 
greater than 2 hours). Third, the rate of recanalization with brisk 
flow in the stroke related vessel (TICI IIb–III) was low (40%).

MR‐RESCUE was a small (n = 68) randomized trial of endovas-
cular therapy in addition to intravenous thrombolysis versus intra-
venous thrombolysis only [7]. The main goal of this trial was 
evaluation of endovascular therapy efficacy depending on the size 
of the penumbra assessed by pre‐intervention imaging. At the con-
clusion of this trial there was no difference in neurologic outcome, 
death, or intracranial hemorrhage. The absence of efficacy was 
demonstrated regardless of the size of the penumbra. Though large 
vessel occlusion was documented prior to intervention by magnetic 
resonance tomography, similar to IMS‐III, time to treatment was 
long (mean time from stroke symptom onset to therapy equal to 
or  greater than 6 hours) and successful recanalization rate low 
(TICI IIb–III, 27%).

Finally, in SYNTHESIS Expansion, 362 patients were rand-
omized to receive intravenous thrombolysis versus endovascular 
therapy (the overwhelming majority of whom received intra‐ 
arterial lytics) [8]. Compared with conventional intravenous 
thrombolysis, there was no difference in the rate of favorable neuro-
logic outcome, death, or intracranial hemorrhage. Though the 
times to treatment were shorter than in the latter two trials 
(3.75 hours in the endovascular therapy group vs. 2.75 hours in the 
intravenous thrombolysis group), large vessel occlusion was again 
not confirmed prior to study inclusion. Of note, only 56 patients 
underwent mechanical thromboembolectomy. Hence, this trial 
should be considered mainly a comparison of intra‐arterial versus 
intravenous thrombolysis rather than an evaluation of the merit of 
mechanical thrombectomy.
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In summary, the aforementioned three trials should be  interpreted 
keeping in mind the long treatment delays, inconsistent documentation 
of large vessel occlusion prior to inclusion, the lack of modern 
thrombectomy devices, the overall low recanalization rates, not to 
mention the small number of patients enrolled in each facility  
(0.8–3.6). The majority of devices used for thromboembolectomy in 
the mechanical arm were wire manipulation alone, the outdated 
first generation Merci Retriever (Stryker, Fremont, CA, USA) which 
worked by the principle of entrapment and retrieval via a Spiral and 
the Penumbra System (Penumbra, Alameda, CA, USA) using aspi-
ration for thromboembolectomy. Though these devices have been 
shown to achieve recanalization rates superior to historical controls 
of conventional intravenous thrombolysis in small single‐arm 
s tudies [23–26], their clinical efficacy has never been shown in 
r andomized trials comparing the specific device with intra - 
venous thrombolysis. Newer generation devices, particularly stent 
r etrievers, were used in only 0–13% of patients in the interventional 
groups [6–8].

Stent retrievers are small, self‐expanding stents with ultrafine 
stent struts delivered and expanded into the thrombus/embolus 
engulfing the thrombus/embolus within the stent struts. 
Deployment alone frequently establishes some degree of flow 
accompanied by improvement in neurologic status. The stent is 
non‐detachable. Instead, in its expanded form, it is pulled back into 
the guide catheter or sheath while maintaining suction through the 
balloon‐tipped guide catheter or sheath with the balloon inflated, 
preventing dislodgement of thromboembolic material into the cer-
ebral circulation during retrieval. Removal of an expanded stent 
seems counterintuitive to operators accustomed to percutaneous 
coronary interventions during acute myocardial infarction. 
However, the main aspect (apart from the low profile and excellent 
flexibility) that allows safe retrieval of a deployed stent retriever 
from the intracranial circulation is the common absence of under-
lying atherosclerotic plaque or stenosis at the site of the cerebral 
vessel occlusion. Several registries and one randomized trial com-
paring results using a stent retriever (Solitaire, Medtronic, Dublin, 
Ireland) with prior older generation mechanical clot/embolus 
removal devices demonstrated more rapid reperfusion and higher 
vessel patency rates and better clinical outcomes after use of the 
stent retriever [27–30]. These findings promoted the conduction of 
a number of randomized trials that were recently published and are 
likely to change the landscape of acute stroke therapy.

The Multicenter Randomized Clinical Trial of Endovascular 
Treatment for Acute Ischemic Stroke in the Netherlands (MR 
CLEAN) was a multicenter trial randomizing patients (NIHSS 
score of ≥2, n = 500) with an acute distal internal carotid, MCA 
(M1/M2 segment) or anterior cerebral artery (A2/A2 segment) 
occlusion to endovascular therapy (mechanical thrombectomy, 
intra‐arterial lysis or both) in addition to intravenous thrombolysis 
or intravenous thrombolysis alone [31]. Importantly, the over-
whelming majority (82%) of patients were treated using stent 
retrievers. Treatment was open label but endpoint evaluation was 
performed in a blinded manner. Duration from symptom onset to 
administration of intravenous thrombolysis was equivalent in both 
treatment groups (85 minutes in the control arm versus 87 minutes 
in the endovascular therapy group) and median time from stroke 
onset to access site puncture was 260 minutes. The primary end-
point, modified Rankin score of ≤2 at 90 days, was achieved in 33% 
of patients in the endovascular therapy group versus 19% in the 
control group (significant 13% absolute difference in favorable out-
come, adjusted OR 2.2, 05% CI 1.39–3.38). All other endpoints 
favored endovascular therapy. The 5–7 day NIHSS score was 2.9 

points lower in the endovascular therapy as was the infarct volume 
(by 19 mL). Importantly, no residual occlusion was seen in 75% of 
patients on computed tomography (CT) angiography 24 hours after 
treatment in patients treated endovascularly compared with only 
33% in patients treated conventionally. There was no significant 
difference in mortality or rate of intracranial hemorrhage. It was 
noted that, at 90 days’ follow‐up, 5.6% of patients who underwent 
endovascular therapy had exhibited signs of stroke in a different 
cerebral vascular territory than the initial stroke compared with 
only 0.4% in the control group. In summary, MR CLEAN demon-
strated superiority of endovascular therapy in addition to conven-
tional therapy compared with conventional therapy alone when 
administered within 6 hours of stroke onset without causing excess 
mortality or intracranial hemorrhage.

The design of the Endovascular Treatment for Small Core and 
Anterior Circulation Proximal Occlusion with Emphasis on 
Minimizing CT to Recanalization Times (ESCAPE) trial [32] was 
similar to MR CLEAN. Patients with acute stroke in the carotid T, 
M1, or M1 equivalent distribution confirmed on CT angiography 
and small infarct core based on the Alberta Stroke Early Computed 
Tomography (ASPECT) score of 6–10 were assigned randomly to 
endovascular therapy (intra‐arterial lytic therapy, mechanical 
thrombectomy with stent‐retrievers, or both) in addition to intra-
venous thrombolysis or thrombolysis alone. The planned enroll-
ment was 500 patients but the trial was terminated early (after 316 
patients) as a result of demonstrated efficacy. In the endovascular 
treatment group stent retrievers were used in 86% of patients. The 
primary endpoint, odds ratio of improving the modified Rankin 
score by 1 point at 90 days favored endovascular therapy (OR 2.5, 
95% CI 1.7–3.8). In addition, the median 90‐day modified Ranking 
score was 2 after endovascular therapy compared with 4 after con-
ventional therapy, the likelihood of functional independence 53% 
versus 29%, and the 90‐day mortality was significantly lower favor-
ing intervention with no difference in intracranial hemorrhage. 
The median duration from CT scan and stroke symptom onset to 
reperfusion was very short (84 and 241 minutes, respectively). 
These results confirmed findings described by MR CLEAN trial 
investigators and emphasized the possibility and importance of 
short symptom onset to recanalization times.

The Extending the Time for Thrombolysis in Emergency 
Neurological Deficits—Intra‐Arterial (EXTEND‐IA) trial rand-
omized acute stroke patients to intravenous thrombolysis or endo-
vascular therapy using the Solitaire Flow Restoration Stent Retriever 
in addition to intravenous thrombolysis [33]. Intravenous therapy 
needed to be administered within 4.5 hours of stroke onset. Vascular 
access needed to be established within 6 hours of symptom onset 
and an infarct core of <70 mL with residual salvageable brain tissue 
on CT angiography was required for inclusion. Enrollment of 100 
patients was planned, but the trial was stopped early (after 70 
patients) due to efficacy. Similar to ESCAPE, the median time from 
symptom onset to vascular access was short (210 minutes). Three‐
day neurologic recovery was significantly more common after 
endovascular therapy (80% vs. 37%). Ninety‐day functional inde-
pendence (modified Rankin ≤2) occurred in 71% of patients in the 
endovascular therapy group compared with 40% in the conven-
tional therapy group (p = 0.01). There was no difference in mortal-
ity or symptomatic intracranial hemorrhage. Though embolization 
into a territory different from the initial stroke was observed in 6% 
patients, this was not clinically apparent.

The Solitaire with the Intention for Thrombectomy as Primary 
Endovascular Treatment (SWIFT PRIME) [34] trial was also 
stopped prior to planned enrollment because of proof of efficacy. 
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At trial termination, 196 patients with acute stroke in the anterior 
circulation (internal carotid, T‐occlusion or MCA occlusion) 
were randomized to conventional intravenous thrombolysis or 
mechanical thrombectomy using the Solitaire stent retriever 
(Medtronic, Dublin, Ireland) (successfully deployed in 89%) in 
addition to intravenous thrombolysis. Time from stroke onset to 
groin puncture (224 minutes) and from stroke onset to stent 
deployment (252 minutes) was very short. Substantial or complete 
reperfusion occurred in 88% of patients treated with the stent 
retriever and clinical efficacy was superior in patients who under-
went endovascular therapy in addition to thrombolysis compared 
with patients who were treated with conventional thrombolysis 
only, reflected by lower modified Rankin scores in the interven-
tional group as well as a higher percentage of patients who reached 
a low modified Ranking score of ≤2 (60% versus 35%; p <0.001). 
There was no difference in mortality or symptomatic intracranial 
hemorrhage.

In the Randomized Trial of Revascularization with Solitaire FR 
Device versus Best Medical Therapy in the Treatment of Acute 
Stroke Due to Anterior Circulation Large Vessel Occlusion 
Presenting within Eight Hours of Symptom Onset (REVASCAT), 
206 patients with acute anterior circulation stroke were randomized 
to undergo intravenous thrombolysis alone (when eligible) versus 
mechanical thrombectomy with the Solitaire stent retriever in addi-
tion to venous thrombolysis if treatment was feasible within 8 hours 
of symptom onset and infarct area not large by neuroimaging [35]. 
The trial was stopped early given the superior neurologic outcome 
with endovascular therapy and publication of aforementioned trials 
demonstrating superiority of endovascular therapy in addition to 
intravenous thrombolysis over conventional intravenous throm-
bolysis alone. Stroke onset to reperfusion time in the group under-
going endovascular therapy was 355 minutes. Stent retrievers were 
used in 95% of the interventional group. Significantly more patients 
(44%) experienced a favorable neurologic outcome in the endovas-
cular treatment group than the control group (28%). Similar to all 
four other trials, there was no difference in intracranial hemorrhage 
or mortality.

A recent meta‐analysis of eight randomized trials, totaling 2423 
patients, showed that endovascular thrombectomy was associated 
with improved functional outcomes (modified Rankin Scale 0–2, 
odds ratio 1.56, 95% CI 1.32–1.85; p < 0.00001). There was a ten-
dency toward decreased mortality (odds ratio 0.84, 95% CI 0.67–
1.05; p = 0.12), and symptomatic intracerebral hemorrhage was not 
increased (odds ratio 1.03, 95% CI 0.71–1.49; p = 0.88) compared 
with best medical management alone. The odds ratio for a favorable 
functional outcome increased to 2.23 (95% CI 1.77–2.81; 
p < 0.00001) when newer generation thrombectomy devices were 
used in greater than 50% of the cases in each trial. The meta‐analysis 
demonstrates clear evidence for improvement in functional 
i ndependence with endovascular thrombectomy, compared with 
standard medical care, suggesting that endovascular thrombectomy 
should be considered the standard effective treatment alongside 
thombolysis in eligible patients [36].

Acute stroke therapy: practical aspects
Clinical examination
A neurologic examination should be performed according to the 
National Institute of Health Stroke Scale (NIHSS). Precise and fast 
assessment of the NIHSS score requires experience and should be 

practiced under non‐acute circumstances. An excellent resource for 
demonstration of NIHSS stroke scale assessment is found at the fol-
lowing link: https://www.youtube.com/watch?v=x4bjXqtfn6k (NIH 
stroke scale training parts 1–4). The presence of a severe headache 
is rare in ischemic strokes [37] and should alert one to the 
p ossibility of intracranial hemorrhage. Similarly, neck pain in con-
junction with a neurologic deficit should raise suspicion for carotid 
or vertebral artery dissection. Severe back pain, particularly if 
accompanied by a pulse deficit, can be a symptom of acute aortic 
dissection. Involvement of cranial vessels by the dissection can 
cause neurologic deficits by hypoperfusion. In the latter case, 
thrombolytic therapy or anticoagulation is contraindicated. Heart 
murmurs, fever, and constitutional symptoms in the setting of a 
neurologic defect can be symptoms of infectious endocarditis under 
which circumstances the administration of anticoagulation or 
thrombolysis can lead to neurologic deterioration because of hem-
orrhagic transformation of embolic strokes. Importantly, for the 
purpose of intravenous lytic administration, a brief history focusing 
on contraindications to lytic therapy (Box 68.1) should be performed. 
It is important to note that the presence of contraindications to lytic 
therapy does not preclude performance of endovascular therapy. 
Though the clinical benefit of stent retrievers has been demon-
strated mainly in patients treated with intravenous thrombolysis, 
some stroke centers perform mechanical thromboembolectomy 
without prior lytic therapy and in the absence of systemic anti-
coagulation, provided continuous flush solution maintains clot‐free 
catheters and sheaths.

Imaging
At the minimum, a non‐contrast CT‐scan should be performed to 
rule out intracerebral hemorrhage and stroke mimics (e.g., space 
occupying lesions). The Alberta stroke program early CT score 
(ASPECTS) quantitatively evaluates the core of ischemia on CT 
scans. ASPECTS is a topographic scoring system that divides the 
MCA territory of the brain that is affected by ischemic damage into 
10 areas of interest. It is a strong predictor of both functional out-
come and adverse events following treatment. Recently, the CE 
marked e‐ASPECTS software has been developed to automate the 
ASPECTS scoring system for ischemic stroke patients. In a meta‐
analysis of the four studies that presented stratified ASPECTS data 
for mRS (ESCAPE, MR CLEAN, REVASCAT, and SWIFT PRIME), 
it was demonstrated that endovascular stroke treatment improved 

Box 68.1  Contraindications for systemic lytic therapy

• Intracerebral hemorrhage suspected or present on CT or MR imaging
• Initial CT demonstrates evidence for tissue necrosis in more than one‐

third of the middle cerebral artery territory
• History of intracranial hemorrhage
• Presence of an arteriovenous malformation or large partially throm-

bosed aneurysm
• Uncontrolled hypertension (BP >185/110 mmHg)
• Profound hyperglycemia
• History of Alzheimer’s dementia
• Unknown stroke duration (e.g., patient woke up with symptoms)
• Stroke symptom onset >6 hours (relative contraindication)
• Recent stroke (within 3 months)
• Recent major surgery (<4 weeks)
• Recent gastrointestinal bleeding (<4 weeks)
• INR >1.7
• Thrombocytopenia (<100,000 cells/mL)
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functional independence compared with best medical treatment in 
patients with high baseline ASPECTS (OR 2.10, 95% CI 1.61–2.73; 
p <0.00001) [36]. Mechanical thrombectomy also improved func-
tional independence with moderate baseline ASPECTS (OR 2.04, 
95% CI 1.25–3.32; p = 0.004). There was no evidence of benefit of 
endovascular stroke treatment in patients with low baseline 
ASPECTS (OR 1.09, 95% CI 0.14–8.46; p = 0.93) but only 28 patients 
were included in this analysis because MR CLEAN was the only 
study that incorporated this group of patients in their trial. Overall, 
these results suggest that patients with baseline ASPECTS >4 
b enefit from endovascular stroke treatment. ASPECTS is recom-
mended by the American Society of Neuroradiology, American 
Heart Association/American Stroke Association, European Stroke 
Organization, and the Canadian Stroke best practice.

Most centers have the capability of performing CT angiography, 
requiring minimal additional time. This allows localization of the 
occluded vessel and can facilitate the intervention by obviating the 
need for cerebral angiography of non‐target vessels. Moreover, it 
can identify collateral circulation and clot length. Assessment of the 
presence and size of cerebral parenchymal damage guides candi-
dacy for intravenous or intra‐arterial therapy. MR or CT perfusion 
imaging allows the identification and quantification of the ischemic 
penumbra (ischemic, yet viable tissue at risk that may be salvaged 
by timely reperfusion) guiding further therapy, especially in wake‐
up strokes or presentations with onset of symptoms >4.5 hours. 
Mobile CT scanners or flat panel CT in the catheterization 
l aboratory and intensive care units (or even ambulance) accelerates 
treatment decisions [38,39].

Laboratory tests
A complete blood count, partial thromboplastin time (pTT), pro-
thrombin time, serum creatinine, electrolytes and glucose levels 
should be obtained upon patient arrival in the emergency department. 
To shorten potential delays, portable point of care laboratory systems 
that allow measurement of these parameters at the site of imaging 
or in the emergency department have been shown to be useful [40].

Cerebral angiography
Considerable debate surrounds the topic of whether the patient 
should be sedated or undergo general anesthesia. This depends on 
cooperation of the patient and comfort level of the operator. Absence 
of sedation or general anesthesia allows continued neurologic 
assessment during the intervention but occasionally makes invasive 
imaging and maneuvering of equipment more challenging because 
of patient movement. In addition, the patient can experience severe 
pain during clot extraction. In any case, stroke should be treated as 
“cerebral resuscitation” and an anesthetic team should be instantly 
available. Importantly, any drop in blood pressure d uring intubation 
should be avoided to optimize the reserve of collaterals.

With rare exceptions, femoral access is obtained. Use of a micro-
puncture system and fluoroscopic or ultrasound guidance facilitates 
single front wall common femoral artery puncture. Though a 6 Fr 
sheath can be used, in most cases a long 8 Fr balloon guide, allowing 
extra support, is preferable. Arch aortography using a 5 or 6 Fr pigtail 
catheter in 40° left anterior oblique angulation (10–15 mL contrast 
with digital subtraction imaging) is usually not necessary. A type I 
arch is the most favorable configuration with all cranial vessels (the 
innominate artery, left common carotid, and left subclavian artery) 
originating from the arch in one single plane with the outer curva-
ture of the aortic arch. Type II (the innominate artery originates 

between the outer and inner curvature of the a ortic arch) and III 
(the innominate artery originates below the inner curvature of the 
aortic arch) arches are more difficult to navigate.

Attention should also be directed to the ostia, tortuosity, and 
presence of disease in the proximal arch vessels. The most common 
arch configuration is a separate take‐off (from right to left) of the 
innominate artery, left common carotid and left subclavian artery 
(~70%) followed by a common origin of the innominate and left 
common carotid artery (~20%), origin of the left common carotid 
from the innominate artery (“bovine arch”) (~7%), separate take‐
off of the left vertebral artery from the aortic arch and (0.5%), and 
separate take‐off of the right subclavian artery from the arch distal 
to the left subclavian artery coursing posterior to the esophagus 
toward the right upper extremity (rare). With a straightforward 
arch configuration, all arch vessels can usually be engaged with a 5 
Fr SIMS, H1, or vertebral catheter. A road map can be superim-
posed on fluoroscopic imaging to help direct the wire and catheter. 
A hydrophilic (0.035‐inch) guidewire (e.g., angled Glide wire, 
Terumo, Tokyo, Japan) is advanced into the desired location to help 
track the diagnostic catheter. For angiography of the anterior circu-
lation, the wire is advanced into the internal carotid artery, pro-
vided this vessel is not stenosed or occluded. Alternatively, it can be 
left in the distal common carotid artery and the diagnostic catheter 
advanced over the wire into the common carotid artery for angiog-
raphy. First, angiography of the carotid bifurcation and proximal 
internal carotid artery is performed in a 30° ipsilateral oblique and 
lateral views (additional views; for example with caudal angulation 
or contralateral oblique views, can be obtained if initial images do 
not adequately demonstrate the proximal internal carotid). Cerebral 
angiography of the anterior circulation is performed in lateral and 
postero‐anterior cranial (10–15°) views. Usually, injection of 
2–4 mL contrast is sufficient for opacification. The stump of large 
vessel occlusions can usually be identified without difficulty 
(Video 68.1; Figure 68.1). However, in some cases, rotational angi-
ography can be useful to identify vessel cut‐off otherwise masked 
by overlapping branches (Video 68.7). Visualization of the cerebral 
veins and collaterals is important and this requires prolonged imag-
ing and inclusion of the entire skull. For the posterior circulation, 
the wire can be positioned into the axillary artery and the diagnos-
tic catheter advanced over the wire proximal to the vertebral artery 
ostium and non‐selective angiography of the proximal vertebral 
artery can then be performed. Subsequently, the wire can be 
directed into the vertebral artery and the catheter tracked for 
engagement and angiography. It is often easier to cannulate the left 
vertebral artery first as this is the easier one to negotiate. The best 
views for the vertebral circulation are contralateral oblique for the 
segment from the origin to the location where the vertebral artery 
enters the first transverse foramen of C5 or C6 (V1 segment), ipsi-
lateral oblique (alternatively, posteroanterior and lateral) for the 
segment between the first and last transverse foramen (V2 seg-
ment) as well as for the segment between the last transverse fora-
men and the foramen magnum (V3 segment), and lateral and 
postero‐anterior cranial (~40°) for the intracranial vertebral seg-
ment (V4 segment), basilar artery, and posterior cerebral arteries. 
When encountering a difficult arch, arch vessel cannulation 
requires the use of a Simmons or Vitek catheter. These catheters are 
shaped such that, after delivery over a J‐tipped 0.035‐inch guide-
wire into the ascending thoracic aorta and withdrawal of the wire, 
the catheter is configured in the aortic arch and the vessel is 
c annulated by catheter withdrawal and rotation. Only when the 
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Figure 68.3 The Solitaire stent retriever (Medtronic, Dublin, Ireland) 
has been deployed (see also Video 68.2) by microcatheter retraction 
while maintaining Solitaire position. This causes partial flow restora-
tion (see also Video 68.3).

catheter is straightened will it be possible to advance a 0.035‐inch 
hydrophilic guidewire into the respective vessels. Even if the 
occluded vessel is known from CT angiography, it may be impor-
tant to have information on the contralateral flow and anterior and 
posterior circulation, as there might be collaterals via the circle of 
Willis. This can have favorable prognostic value.

Intervention (example of an acute middle cerebral artery 
occlusion intervention illustrated in Videos 68.1–68.13 
and Figures 68.1–68.11)
For clot extraction, currently, a stent retriever is most commonly 
used. Within the diagnostic catheter, a hydrophilic guidewire (e.g., 
angled Glide wire) is advanced into the carotid artery and the diag-
nostic catheter tracked over the wire. If necessary, the Glide wire is 
then exchanged for a stiffer (e.g., Amplatz Stiff, Cook Medical, 
Bloomington, IN, USA) wire, providing sufficient support to 
advance the sheath and guide catheter into the common carotid 
artery. If there is no significant carotid stenosis, the sheath or, pref-
erably, balloon‐tipped guide catheter (e.g., Cello balloon guide 
catheter, eV3, Irvine, CA, USA) can be advanced (over a guidewire) 
into the internal carotid artery to allow closer position to the 
thrombus or embolus. If a balloon‐tipped guide catheter is not 
available it becomes even more important to generously aspirate 
through the guide catheter/sheath during stent retriever retraction 
into the guide or sheath. A long distal access catheter (Neuron, 
Penumbra Inc., Alameda, CA, USA; DAC, Concentric Medical, 
Mountain View, CA, USA; Fargo, Balt, Montmorency, France) can 
give extra stability. For interventions in the vertebrobasilar or 
 posterior cerebral circulation a 6 Fr sheath is positioned into the 
vertebral artery using a hydrophilic 0.035‐inch wire.

When advancing a microwire into the cerebral vessels, it is 
important to respect and avoid small branches (e.g., lenticostriate 
arteries). Some operators prefer off‐label use of a coronary 0.014‐
inch guidewire (e.g., Whisper wire, Abbott Vascular, Redwood City, 
CA, USA; or ChoicePT wire, Boston Scientific, Marlborough, MA, 

USA), others prefer dedicated wires for the cerebral circulation 
(e.g., 0.014‐inch Synchro microwire, Stryker, Kalamazoo, MI, USA; 
or Transcend wire, Boston Scientific, or 0.014‐inch). An attempt 
should be made to position the distal wire tip beyond the occlusion 
as far as safely possible and, optimally, in a larger segment or branch 
(Video 68.8; Figure 68.8). Advancing the wire in the tortuous cere-
bral vasculature can be challenging. Tracking the wire with a micro-
catheter (e.g., Rebar 18 or 27™, Covidien, Dublin, Ireland, Prowler 
select plus Cordis, Hialeah, FL, USA; or Excelsior XT 27, Stryker) 

Figure 68.1 Angiography demonstrating an acute thromboembolic 
occlusion of the right middle cerebral artery (see also Video 68.1).

Figure 68.2 The microcatheter has been advanced over the 0.14‐inch 
wire into the inferior branch of the right middle cerebral artery distal 
to the distal end of the occlusion, followed by a microcatheter. 
Subsequently, the wire has been removed and a Solitaire stent 
retriever (Medtronic, Dublin, Ireland) advanced into the microcatheter 
with the distal markers at the tip of the microcatheter.
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can provide better support and torque transmission. Occasionally, 
crossing the occlusion with the wire alone causes some improvement 
in flow. The microcatheter should be positioned with the tip distal 
(preferably 1–1.5 cm) to the thrombus or embolus (Video  68.9; 
Figure 68.9). Some operators proceed with removal of the wire and 

gentle injection of a very small amount (0.5–1.0 mL) of contrast via 
the microcatheter to assure intravascular position and to outline the 
cerebral vasculature distal to the occlusion (Video 68.9; Figure 68.9); 
however, this carries the risk of dislodgement of distal fragments 
of the clot. Once intravascular position is confirmed, a Solitaire 
stent retriever is advanced through the microcatheter into the cul-
prit vessel such that the distal marker aligns with the distal tip of 
the microcatheter (Video  68.10). The Solitaire stent retriever is 
available in four sizes: 4X15, 4X20, 6X20, and 6X30 mm. The 4 mm 
Solitaire can be used for 2.0–4.0 mm vessel diameters and the 
6 mm device for 3.0–5.5 mm vessel diameters. If a Rebar micro-
catheter is used, the Rebar 18 is recommended for deployment of 
the 4 mm and the 27 (slightly larger inner diameter; 0.027 vs. 0.021 
inch) for deployment of the 6 mm device. The microcatheter is 

Figure 68.4 The balloon of the balloon‐tipped guide catheter has 
been inflated (see also Video 68.4).

Figure 68.5 During balloon inflation and while applying continuous 
suction via the guide catheter, the Solitaire stent retriever (Medtronic, 
Dublin, Ireland) in its deployed state and the microcatheter are 
removed as a unit (see also Video 68.5). The captured thromboem-
bolic material can be seen entrapped in the stent retriever after 
removal from the guide catheter.

Figure 68.6 Angiography demonstrates flow restoration in the 
inferior branch of the right middle cerebral artery (see also Video 68.6).

Figure 68.7 There is residual thrombus in the superior branch of the 
right middle cerebral artery (see also Video 68.7).



650 PART IV Vascular Disease for the Interventionalist SECTION I Cerebrovascular Disease

then slowly removed while maintaining stent retriever position, 
thereby allowing the stent to expand (Video 68.2 and Video 68.11). 
Depending on the instructions for use, some operators leave the 
stent in expanded shape at the site of the thrombus or embolus for 
several (2–5) minutes. This maneuver alone sometimes re‐establishes 
some degree of cerebral flow (Video 68.12; Figures 68.3 and 68.10) 
and can be accompanied by neurologic improvement. Subsequently, 
the expanded stent and microcatheter are removed as a unit and 
pulled back into the guide catheter or sheath (Video 68.5). If the 
guide catheter is balloon tipped, the balloon should be inflated and 
continuous suction applied during removal and until the stent 

retriever exits the proximal end of the catheter (Video  68.4; 
Figure 68.4). If a balloon‐tipped guide cannot be used, carotid flow 
can be interrupted by external manual compression during stent 
retriever removal while applying suction to the guide or catheter. 
Angiography is repeated to assess whether reperfusion has 
occurred. If not, or incomplete (Video 68.7; Figure 68.7), the culprit 
vessel is rewired, a microcatheter advanced with the distal tip 
 distal to the thrombus, and the previously used stent retriever can 
be re‐advanced and deployed in the thrombus in a similar fashion 
as described earlier.

The optimal antiplatelet, anticoagulant, or thrombolytic strategy 
remains to be determined. It is worth mentioning that in all randomized 

Figure 68.8 The superior branch of the right middle cerebral artery is 
wired (see also Video 68.8) and a microcatheter advanced over the 
wire into the superior branch of the right middle cerebral artery.

Figure 68.9 The wire has been removed and a small amount of 
contrast is injected into the superior branch of the right middle 
cerebral artery confirming intraluminal position of the microcatheter 
(see also Video 68.9).

Figure 68.10 The Solitaire stent retriever (Medtronic, Dublin, Ireland) 
has been advanced to the tip of the microcatheter (see also 
Video 68.10) and is deployed by removal of the microcatheter while 
maintaining Solitaire position (see also Video 68.11). Deployment 
causes restoration of flow in the superior branch of the right middle 
cerebral artery (see also Video 68.12).

Figure 68.11 The stent retriever has been removed and angiography 
now demonstrates brisk flow in both inferior and superior branch of 
the right middle cerebral artery (see also Video 68.13).
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trials demonstrating the efficacy of stent retrievers in acute stroke 
therapy, intravenous thrombolytic therapy had been initiated in 
most patients prior to proceeding with endovascular therapy. Some 
centers do not use thrombolytic therapy when the patient can be 
transferred directly the catheterization laboratory from the emer-
gency department or CT scanner without delay once a stroke with 
sufficient deficit is identified that warrants endovascular t herapy. 
However, the merit and safety of this approach remain to be deter-
mined. If thrombolytic therapy was not administered immediately 
before endovascular therapy, administration of low dose intrave-
nous heparin (e.g., 25–40 IU/kg) can be considered.

Regardless of the thrombolytic strategy, given that routine intra-
venous heparin may not be used or used at low dose and/or anti-
platelet therapy are not administered before or during the procedure, 
meticulous attention to continuous heparinized saline flush via the 
side arm of a Y‐connector attached to the microcatheter and the 
side arm of the guide catheter is of paramount importance to avoid 
catheter‐associated thrombus formation. Purposeful omission of 
intraprocedural intravenous heparin or oral/intravenous anti-
platelet agents is counterintuitive to those performing coronary 
interventions but reduces the risk of intracranial hemorrhage.

Complications
Intracranial hemorrhage is, by far, the most devastating complica-
tion. Risk factors include age, delayed reperfusion, use of anticoag-
ulant or antiplatelet therapy in addition to lytics, lytic dosage, 
hyperglycemia, and size of the perfusion defect [41]. The incidence 
of intracerebral hemorrhage after endovascular stroke therapy is 
often overestimated because of the misinterpretation of contrast 
used for the intervention. Symptomatic intracranial hemorrhage 
occurs in approximately 10% of patients in most larger trials using 
intra‐arterial thrombolysis [42–45]. However, in most recent trials 
using stent retrievers for mechanical reperfusion, the incidence of 
symptomatic intracranial hemorrhage is lower at 1–7.7%. In case of 
intracranial hemorrhage it should be known that most thro mbolytic 
agents are not reversible but relatively short acting. If concomitant 
heparin is used, the administration of protamine is recommended 
(1 mg/100 IU heparin administered, maximal dose 50 mg). If glyco-
protein IIb/IIIa inhibitors are used, platelet transfusions can be con-
sidered. Meticulous technique during wiring avoiding small 
perforator branches and careful attention to blood pressure control 
after reperfusion may help reduce the likelihood of hemorrhagic 
complication. Nevertheless, hemorrhagic transformation can occur 
even in the absence of any endovascular, thrombolytic, or anti-
coagulant therapy and can be related to breakdown of the blood–
brain barrier caused by parenchymal necrosis. Hence, it should be 
recognized that the occurrence of intracerebral hemorrhage does 
not necessarily imply a problem with procedural technique or 
patient management.

Conclusions
In the past 20 years two important milestones have been reached in 
the treatment of acute stroke, intravenous thrombolysis and, more 
recently, mechanical thrombectomy using stent retrievers. 
Intravenous thrombolysis, though proven effective in large rand-
omized controlled trials, has a number of shortcomings, most 
importantly, the low rate of stroke vessel recanalization and func-
tional neurologic recovery particularly in large vessel occlusions 
that cause the most dramatic neurologic deficits. Routine 

mechanical thrombectomy with stent retrievers, in addition to 
intravenous thrombolysis, if performed in a timely manner by 
experienced operators, has the advantage of substantially improv-
ing stroke vessel patency and neurologic outcome in large vessel 
occlusions of the anterior circulation without increasing the rate of 
intracranial hemorrhage or mortality. Under optimal conditions, this 
should be available to patients at most locations 24/7, similar to sys-
tems offering prompt percutaneous coronary interventions to patients 
with acute ST‐segment elevation myocardial infarctions. To accom-
plish this, a sufficient number of centers with acute stroke manage-
ment systems in place with an adequate number of well‐trained 
physicians capable of cerebral thromboembolectomy are needed.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Stroke has been acknowledged as the third leading cause of death, 
subsequent to heart disease and cancer, in industrialized nations 
[1]. In the last decades, there has been unprecedented investment 
at national levels to develop the quality of services for heart disease 
and cancer leading to an improvement in patient survival. Recently, 
the focus has changed toward advancing the management of stroke 
patients, as it is recognized with an aging population the burden of 
this disease because of its high mortality, major disability, and 
dependence [2]. For this reason, it is vital that the more mature 
approach to the prevention and treatment at different levels in the 
pathogenesis and manifestation of this disease is pursued further by 
all concerned.

Ten to fifteen percent of all ischemic strokes originate from an 
atherosclerotic plaque at the level of the internal carotid artery 
(ICA). Carotid endarterectomy (CEA) has been shown to be effica
cious in the long‐term prevention of stroke for both symptomatic 
and asymptomatic patients with severe obstructive carotid disease 
[3–6]. Despite the controversial design and results of randomized 
trials comparing it with CEA, carotid angioplasty and stenting 
(CAS) is still a promising field because of its potential as a comple
mentary therapy for patients who are considered high risk for CEA; 
and as an alternative, less invasive and effective revascularization 
procedure for a large subset of patients.

Background
The main goal of carotid intervention is the prevention of stroke, in 
particular disabling stroke. Following the application of surgical 
endarterectomy for treating carotid bifurcation disease in the 1950s, 
it was not until 40 years later that level 1 evidence from large rand
omized trials for its efficacy was established. Although there have 
been significant developments in pharmacotherapy for vascular 
disease over the last 30 years, the stroke prevention benefit has not 
been established specifically for patients with high‐grade carotid 
stenosis [7,8]. CAS was developed to meet a need for a less‐invasive 
revascularization strategy for patients considered high risk for sur
gical revascularization. The rapid advancement in endovascular 
technologies and techniques has resulted in the evolution of CAS to 
a refined technique with great potential to be applied to routine 
carotid revascularization practice.

Currently, controversy exists as to whether CAS should be accepted 
as an alternative to CEA. To answer this question there have been a 
few randomized trials comparing the therapies [9–15]; however, 
some have been hampered by difficulties with enrollment, results 
have been conflicting, many criticisms have been levied against trial 
designs and the required level of operator endovascular experience, 
and hence a clear consensus cannot be established. It is to be hoped 
that ongoing large randomized trials (SPACE‐2; ACST‐2; CREST‐2; 
and ACT‐1) [16,17] will address this uncertainty. Over the last dec
ade single‐center and multicenter case series and registry data have 
been published providing valuable evidence for the effectiveness of 
this therapy in both the short and medium term. Nonetheless, 
a rising from these discussions and debates one thing is clear: to 
move forward toward the goal of stroke prevention, these proce
dures must be performed by high level and well‐trained operators, 
preferable at high‐volume CAS centers.

Important concepts and considerations
Tailored approach
To achieve a high level of procedural success the multifactorial CAS 
strategy involves a tailored approach in the application of endovas
cular devices and techniques to specific patients with specific 
lesions and vascular anatomies. This requires an in‐depth knowl
edge of neuroassessment, carotid plaque characteristics, vascular 
anatomy, and technical features of endovascular materials: guiding 
catheters and sheaths, guidewires, embolic protection devices 
(EPDs), balloons and carotid stents. Following the experience 
gained in this field since 1997, with over 3000 procedures, our 
group strongly believes that each device has special characteristics 
and should be used in predefined indications.

Stent intrinsic antiembolic property
The major source of complications is distal embolization, either 
intraprocedural or post‐procedural. For effective reduction of 
intraprocedural risk great emphasis is placed on the use of EPDs. 
An important concept to consider is the view that in the presence of 
an EPD, the type of stent implanted may not significantly impact on 
the risk of intraprocedural complications but subsequently plays a 
vital part in preventing neurologic events resulting from plaque 
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prolapse. It is appreciated that whereas in open surgical techniques 
the atheroma and thrombus burden are excised, the stent‐protected 
angioplasty technique compacts this material to the wall, retaining 
it with its supporting scaffolding and wall‐coverage properties. The 
stent cell geometry thus has an intrinsic antiembolic property influ
encing the risk of plaque prolapse and distal embolization during 
the 24‐hour post‐procedural and recuperative period until re‐
endothelializaton is complete.

Safe CAS and protected procedure
The interventionalist safe CAS and protected procedure concept 
should encompass the idea that two protection positions should be 
implemented in practice. In addition to the use of high‐tech devices 
to contain plaque (stents) or capture and remove embolic debris 
(EPDs), the implementation of the tailored philosophy to the entire 
management strategy from appropriate patient and lesion selection 
to meticulous device choice and interventional techniques is essen
tial. An important element of this concept is the recognition of 
high‐risk cases for CAS dependent primarily on the skill of the 
interventional vascular specialist. This is considerably more relevant 
in this field than other areas of percutaneous interventions.

Clinical governance and regulation
Establishment of standard operating procedures is critical to a suc
cessful CAS program. This is based on informed consent and 
patient choice, and effective clinical governance including consid
eration of setting up a prospective registry as a measure of quality 
assurance. This approach should be performed as part of a local 
institutional review board approved protocol with dispassionate 
oversight and assessment by an independent neurologist. This regu-
lation must be emphasized because of the need to always be critical 
of our management to improve patient care.

Measurement of early outcomes and complications
In order to determine the safety of what we do in our clinical 
p ractice, early outcomes and complications should be analyzed in a 
focused manner. Several factors influence the 30‐day risk of 
t ransient ischemic attack (TIA), stroke, and death: patient charac
teristics such as age and neurologic symptom status; and opera
tional variables such as operator experience, aortic arch and 
carotid anatomy, plaque characteristics, stent technology, and 
type of EPD employed. If complications are recorded with no dis
crimination of time distribution, analysis of this cumulative data 
may not be useful to determine in detail the relevance of specified 
variables and can be misleading because of the heavy weight of 
confounding variables. Hence, we recommend documentation 
and analysis of adverse events within specified time periods: the 
intraprocedural period (those occurring after the beginning of 
the procedure to the time point when the patient leave the proce
dure room); the 24‐hour post‐procedural period (from the time 
point when the patient leaves the procedure room to 24‐hours 
post‐procedure); and the subsequent recuperative period of up to 
30 days [18]. For a complete register of each adverse event, it 
should also be categorized according to its distribution: (i) access 
site complications; (ii) confined to the target vessel complications 
(arterial occlusion, severe vasospasm, dissection); (iii) organ‐
specfic complications (neurologic, cardiovascular, respiratory, 
gastrointestinal, renal, and liver); and (iv) systemic complications 
(allergic and anaphylactoid reaction, septicemia, idiosyncratic 
reaction to drugs). These tools allow prospective and retrospec
tive analyses of each event [18].

Indications and contraindications
The indication for carotid intervention includes a symptomatic 
patient with an angiographic stenosis of ≥50% (i.e., a lesion‐related 
neurologic event in the preceding 66 months), and an asympto
matic patient with an angiographic stenosis of ≥80%. The specific 
absolute contraindication for elective CAS is floating thrombus in 
the carotid artery. Standard relative contraindications to endovas
cular techniques would apply. The potential factors for considering 
a patient high risk for CEA, because of medical comorbidities or 
anatomic factors, thus indicating an endovascular approach, are 
shown in Table 69.1. Box 69.1 provides some insight into the issues 
that can prove challenging or increase the risk of the stenting 
procedure.

Carotid plaque characteristics
The evaluation of carotid plaque profile should describe, in addi
tion to degree stenosis and vessel dimensions, both the length of 
disease and the morphologic features that predict plaque complex
ity and embolization risk (“vulnerable plaque”).

Both long lesions and clinically unstable plaques (i.e., recurrent 
TIAs) define a high‐risk lesion subset, because of high plaque 
burden and inflammatory activation, respectively. Indeed, Krapf 
et al. [19] reported, using diffusion‐weighted MRI, that the risk of 
new cerebral ischemic lesions after CAS was related to the length 
of the lesion, and Aronow et  al. [20] described preprocedural 
l eukocyte count to be associated with increased microembolization 
during CAS.

Box 69.1 Challenges for carotid angioplasty and stenting (CAS)

1 Tortuous iliac vessels
2 Bovine or type III aortic arch
3 Calcified and irregular aortic arch
4 Tortuous supra‐aortic vessels
5 Long irregular dishomogeneous plaque
6 Highly calcified carotid lesions

Table 69.1 High surgical risk criteria.

Clinical criteria Anatomic criteria

1 Age >75 years
2 CCS Class 3–4 or 

unstable angina
3 NYHA Class III–IV
4 LVEF <35%
5 MI <6 weeks
6 Multivessel coronary 

artery disease
7 Severe pulmonary disease
8 Severe renal impairment
9 Contralateral cranial 

nerve injury

1 High cervical lesion
2 Tandem lesions >70%
3 CEA restenosis
4 Contralateral ICA occlusion
5 Hostile neck (prior irradiation, 

tracheostomy, radical neck 
dissection)

6 Cervical immobility

CCS, Canadian Cardiovascular Society; CEA, carotid endarterectomy; ICA, 
internal carotid artery; LVEF, left ventricular ejection fraction; MI, myocardial 
infarction; NYHA, New York Heart Association.
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A study analyzing 200 CEA specimens showed that plaque phe
notype correlated with embolization risk, where “vulnerable 
plaques” characterized by a large lipid pool covered by a thin fibrous 
cap were more prone to perioperative microembolization than 
fibrous plaques [21]. These vulnerable plaques are less echogenic, 
described as “soft‐lesions,” and this pattern can be quantified by the 
Grey scale median (GSM) method. In the ICAROS study [22], the 
risk of CAS‐related stroke was 7.1% in lesions with GSM <25 and 
1.5% in lesions with GSM >25.

Therefore clinical, biochemical, and morphologic data should 
be  assessed and integrated to predict the embolic risk of a 
s pecific  carotid lesion in order to plan the tailored approach to 
intervention.

Vascular anatomy
Complete and standardized assessment of the patient’s vascular 
 profile is achieved by evaluating all vascular beds involved in CAS 
procedure according to the Five Arterial Zones classification. 
The  angiographic analyses of the “aortic arch,” “proximal vessel,” 
“stenting segment,” “distal vessel,” and “cerebral vessel” zones predicts 
the procedural technical difficulties allowing the operator to chose 
suitable techniques and materials according to the most relevant ana
tomic aspects [23–25]. The Five Arterial Zones procedural anatomic 
classification is shown in Figure 69.1 and the theoretical correlation 
between each zone and the basic procedural steps of CAS procedure 
is described in Figure 69.2. This classification stresses the need for a 

full anatomic evaluation, from the traditional aortic arch type 
(Figure 69.3) to the cerebral vessels pattern (Figure 69.4).

Cerebral protection devices
Carotid lesions contain friable, ulcerated plaque and thrombotic 
material that can embolize during an intervention as shown in 
histopathologic analysis [26] and transcranial Doppler studies 
[27]. Embolic particles can be classified as either macroemboli 
(>100 µm) or microemboli (<100 µm). Macroemboli, especially 
>200 µm, are usually associated with clinical events; however, 
the  effects of microembolization are not well known and can 
include  subtle changes in neurocognitive function. Despite 
advanced stenting techniques and dual antiplatelet therapy, 
embolization invariably occurs. A reduction of the Doppler‐
defined embolic load by an EPD has been shown [28], and 
 preliminary results indicate that with the routine use of such 
devices the results of CAS are comparable with the best surgical 
series [29,30].

Protected CAS: clinical results
There has been no randomized trial comparing the efficacy of pro
tected with unprotected CAS and it is difficult to imagine that such 
a study will ever be conducted on a significant number of patients. 
Recent literature data shed some light:
• Visible debris was documented in 60% of cases of filter‐protected 

CAS by Sprouse et al. [31], and in 66.8% by our group [32].
• In the German registry [33], protected CAS was associated with a 

significantly lower rate of ipsilateral stroke (1.7% vs. 4.1%; 
p = 0.007).

• Our group reported a 79% reduction in the rate of embolic com
plications with protected CAS [34].

• In the early phase of the EVA‐3S study, unprotected CAS was 
associated with a 3.9 times higher stroke rate at 30 days than pro
tected CAS [35].

• A 2003 review of the global registry found that the rates of stroke 
and death were 5.2% for unprotected CAS and 2.2% for protected 
CAS [36].

• Kastrup et al. [29], in a systematic review of the literature regard
ing the early outcome of CAS with and without EPD, analyzed 
studies published between 1990 and 2002 (2537 unprotected 
CAS and 896 protected CAS procedures); the combined 30‐day 
stroke and death rates were 5.5% and 1.8%, respectively 
(p <0.001).
On the basis of this review, EPDs appear to reduce thromboem

bolic complications during CAS.

Distal protection devices
Distal protection devices work by interrupting or filtering blood 
flow by positioning the device distal to the lesion in a straight por
tion of the ICA (landing zone). The first system utilized an occlu
sion balloon, but nowadays filters are usually employed because 
they are less complex and perhaps more intuitive to use. Filters 
entrap debris of medium to large size, generally particles >100 µm. 
Filter performance can be summed up in crossing profile and 
c apturing capability. Crossing profile is an important characteristic 
justified by the fact that the wire and the filter, constrained in the 
delivery system, must pass the lesion without detaching friable 
material. Capturing capability is dependent on membrane pore size 
and adequate wall apposition of the filter.

“Cerebral vessels” zone

“Distal vessel” zone

“Stenting segment” zone

“Proximal vessel” zone

“Aortic arch” zone

Figure 69.1 Schematic application of the “five arterial zones” 
classification system. The carotid lesion is represented by the yellow 
ball and the “stenting segment” limits by the red dashes. Source: de 
Campos Martins EC, et al. 2012 [24], p. 612. Reproduced with 
permission of Europa Digital & Publishing.
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Figure 69.3 Aortic arch anatomy classified as types 1, 2, and 3 with increasing levels of complexity for catheter engagement and provision of 
support for intervention. The red and white dashed lines point the outer and inner aortic arch curvatures, respectively. The brachycephalic trunk 
origin (BCT) is represented in each figure. In aortic arch type 1 the origin of the BCT is at the level of the outer curve of the aortic arch; in type 2 
the BCT originates between the levels of the outer and inner curve of the aortic arch, and in type 3 the BCT originates bellow the level of the 
inner curve of the aortic arch.

Limitations of distal protection devices
The distal occlusion balloon shares with filters, especially in tight 
stenoses, the limitation of unprotected crossing of the lesion in order 
to deploy the device. Filters are not effective in trapping microem
boli, as they are limited by pore size. In tortuous or large distal ICA 

anatomy, incomplete wall apposition can allow even macroemboli to 
bypass the system. In addition, debris can be dislodged during the 
recapture phase (squeezing effect). The distal occlusion balloon, 
despite being able to block microemboli by occluding the ICA, can 
lead to embolization via collaterals from the external carotid artery 

0

0

0

0 0 0

000
“Cerebral
vessels”

zone

CAS BASIC STEPS

Accessing
CCA/BCT

GC/LS removal

Proximal EPD
selection

and delivery

Proximal EPD
retrieval

Distal EPD
selection

and delivery

Distal EPD
retrieval

Lesion
pre-dilatation

Lesion (Stent)
post-dilatation

Stent selection
and delivery

Stent delivery
system retrieval

Stenting

“Distal
vessel”
zone

“Stenting
segment”

zone

“Proximal
vessel”
zone

“Aortic arch”
zone

+++

+++

+++

+++

+++

+++

+++ +++++ ++

++

+++

+ +

+

Figure 69.2 Theoretical impact of the “five arterial zones” classification system on the technical evaluation of the basic carotid angioplasty and 
stenting (CAS) steps. The technical evaluation of CAS was divided into: (1) accessing and stabilising the system (guiding catheter, long‐sheath or 
proximal EPD) in the CCA/BCT; (2) selection, deployment, and retrieval of proximal EPD; (3) selection, deployment, and retrieval of distal EPD; 
(4) lesion pre‐ and post‐dilatation; and (5) stent selection, delivery, and deployment. 0: no influence; +: little influence; ++: moderate influence; 
+++: strong influence; BCT: brachiocephalic trunk; CAS: carotid artery stenting; CCA: common carotid artery; EPD: embolic protection devices; 
GC: guiding catheter; LS: long‐sheath. Source: de Campos Martins EC, et al. 2012 [24], p. 614. Reproduced with permission of Europa Digital & 
Publishing.
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(ECA) to the middle cerebral artery. Moreover, about 5–8% of 
patients develop clamping intolerance to the interruption of cerebral 
perfusion [37]. Additionally, both systems can be a source of 
embolism because of intimal damage at the landing zone.

Proximal protection devices
Proximal protection devices work by interrupting or reversing 
blood flow in the ICA. They offer the advantage of crossing the 
lesion under protection and blocking both macro‐ and micro
emboli. Moreover, navigation of the device in the distal ICA is 
not  required, thus reducing the risk of intimal damage, spasm, 
or  dissection. There are two such devices: the Mo.Ma and 
NeuroProtection systems.

Mo.Ma™ (Medtronic)
The Mo.Ma system consists of a 9 Fr sheath (8 Fr in the new system) 
with an effective working channel of 6 and 5 Fr, respectively, and 
two independently inflatable balloons placed at a distance of 7.2 cm. 
The distal balloon occludes the ECA up to a diameter of 6 mm and 
the proximal balloon occludes the common carotid artery (CCA) 
up to a diameter of 13 mm, thus preventing antegrade flow from the 
CCA and retrograde flow from the ECA. The lesion can be crossed 
and treated under protection. Following post‐dilatation, three 20‐
mL syringes of blood are actively aspirated and checked for debris 
before deflating the balloons. Insertion of the system via a 9–10 Fr 
sheath is advisable in order to allow arterial pressure monitoring via 
the femoral sheath side‐arm throughout the procedure.

NeuroProtection System™ (NPS) (Gore)
The NeuroProtection System, derived from the Parodi antiembolic 
system (PAES) (ArteriA), allows continuous passive ICA flow 
reversal through endovascular clamping of the CCA by inflating a 

balloon located at the tip of a 9 Fr compatible delivery system/
sheath and of the ECA by inflating an independent balloon catheter 
advanced into the ECA via the sheath. The system allows connec
tion to the contralateral femoral vein, and flow reversal of blood 
from the contralateral cerebral circulation via the circle of Willis, 
down the ICA, and through the sheath into the venous system. 
A filter (pore size 180 µm) collects debris before the blood re‐enters 
the venous system. Then the lesion can be crossed and treated 
under protection. After each stage, particularly those associated 
with the greatest risk of embolization, 10 mL blood is actively aspi
rated and at the end of the procedure balloons are deflated while 
active suction is applied to retrieve any particle contiguous to the 
balloon occluder. The effective working channel of the assembled 
system is 6 Fr. Manufacturing of this particular system has ceased 
during the past 2 years, owing to the global limitation of carotid 
stenting procedures.

Proximal protection during CAS: clinical data
The available clinical experience is from five multicenter registries: 
EMPiRE trial (354 patients  –  including lead‐in and continued 
access patients with the use of GORE flow reversal system) [38]; 
ARMOUR trial (262 pivotal plus lead‐in patients with the use of 
MO.MA system) [39]; multicenter single‐arm European trial (121 
patients with the use of GORE flow reversal system) [40]; two pro
spective registries (157 patients with the MO.MA system and 233 
patients using MO.MA and GORE flow reversal system) [41,42]; 
and one large‐scale single center registry (1270 patients with the 
MO.MA system) [43], which have been summarized in a meta‐
analysis [44]. Among 2397 patients, the 30‐day rate of composite 
stroke, myocardial infarction (MI), or death was 2.25%. Stroke, MI, 
and death were encountered in 1.71%, 0.02%, and 0.40%, respec
tively. Age and diabetic status were found to be the only significant 

(a) (b)

Figure 69.4 (a) Right AP intracranial angiogram. The outlined arrow shows the right internal carotid artery (ICA). The black arrow points to the 
anterior cerebral artery leading to the pericallosal artery (black arrowhead). The middle cerebral artery is showed by the white arrow and its 
branches (white arrowhead). (b) Right lateral intracranial angiogram. The outlined arrow shows the right ICA. The black arrowhead shows the 
pericallosal artery. The middle cerebral and anterior cerebral arteries are not well individualized in this projection.
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independent risk predictors; however, total stroke rates remained 
below 2.6% in all subgroups, including symptomatic octogenarians. 
Other variables including gender, symptomatic status and contra
lateral carotid occlusion, were not found to be independent risk 
predictors. The authors speculate the potential benefits of proximal 
occlusion devices over distal protection devices were the result of 
two main factors: first, proximal protection allows neuroprotection 
throughout all phases of the procedure, transcranial Doppler stud
ies have demonstrated that proximal protection is associated with 
fewer micro embolic signals (MES) during initial wire crossing 
when compared with distal protection [45,46], and, second, proxi
mal protection devices are able to capture particulate debris with 
high efficiency [47]. Distal filter are known to face difficulty in cap
turing small particles (40–120 mL) [48,49]. Because of limitations 
in broad expansion of CAS, innovation in the area of proximal 
p rotection equipment has ceased.

New developments in cerebral protection
ENROUTE Neuroprotection System (Silk Road Medical)
The ENROUTE Neuroprotection System is a novel flow reversal 
system consisting of two sheaths, one surgically placed in the CCA 
(initial portion) via a transcarotid approach connected to a trans
femoral percutaneous venous line. The procedure represents a 
combined surgical and endovascular approach to carotid revascu
larization. An in‐line flow regulator allows the operator to modify 
the flow through the circuit from high flow up to temporary flow 
cessation. The carotid sheath is placed in the ipsilateral CCA via a 
surgical incision above the clavicle. The venous sheath is inserted 
percutaneously into the femoral vein. The arterial and venous 
return sheaths are connected by the flow line, which creates an arte
riovenous shunt. Following the proximal protection concept, the 
flow reversal is induced prior to any lesion manipulation by occlud
ing the carotid artery proximally to the carotid sheath resulting in 
pressure gradient. The ipsilateral ECA does not need to be occluded 
with this system, as it is the case with other proximal embolic pro
tection devices. The main advantage of this system is the avoidance 
of aortic arch manipulation associated to robust proximal embolic 
protection. Disadvantages of the system include the requirement of 
a disease‐free portion of CCAat the site of surgical incision.

The PROOF study was a first‐in‐man, single‐arm feasibility 
study using the ENROUTE™ Neuroprotection System in 44 patients 
who were candidates for carotid artery revascularization. The pri
mary endpoints were major stroke, MI, or death from the index 
procedure up to 30 days. Procedural microembolization was stud
ied in a subgroup by performing diffusion‐weighted magnetic reso
nance imaging (DW‐MRI) pre and post‐procedure. One minor 
contralateral stroke was reported at 30 days in a patient who was 
free of lesions on pre and post‐procedural DW‐MRI scans. There 
were no MIs or cranial nerve injuries [50]. A subset of 31 patients 
underwent DW‐MRI of brain within 72 hours preprocedure and 
24–48 hours post‐procedure. Five patients had new white lesions 
(16.1%). This represents the lowest DW‐MRI rate of any carotid 
stenting strategy to date.

The ROADSTER trial is an ongoing prospective, single‐arm, 
multicenter investigational device exemption clinical trial of the 
ENROUTE Neuroprotection System (Silk Road Medical Inc. 
Sunnyvale, CA, USA) in conjunction with all commercially availa
ble carotid artery stents, approved by the Food and Drug 
Administration (FDA), used for revascularization in patients with 
carotid artery disease who were considered to represent a high risk 
for carotid endarterectomy. The trial has recently completed 

enrollment to target with 141 pivotal patients. The primary endpoint, 
a composite of stroke, death, and MI will be compared with an 
objective performance criterion based on the results from the 
CREATE trial and will be presented to the FDA for device approval.

Limitations of proximal protection devices
The drawbacks of proximal protection devices include their large 
size, clamping intolerance, and the impossibility of their use with 
severe disease of the ECA or CCA. Contralateral ICA occlusion is 
not necessarily a contraindication in the presence of a functional 
circle of Willis with adequate flow from the vertebral system.

The need for large femoral sheaths can preclude use in patients 
with severe peripheral disease and could be associated with an 
increase in access site complications. Nevertheless, with the first ver
sion of the Mo.Ma device (10 Fr), in the PRIAMUS registry, the rate 
of local complications was 4.1%, none requiring surgical repair or 
blood transfusions. Higher complication rates were reported by Rabe 
et al. [51] with the PAES, but, given the current availability of 8–9 Fr 
size for the Mo.Ma and 9 Fr for the NPS device, it is r easonable to 
expect a low rate of clinically significant access site complications.

Clamping intolerance occurs in up to 8% of patients and is gener
ally associated with severe contralateral disease or poorly developed 
cerebral collateral circulation. An intraprocedural parameter pre
dictive of intolerance is represented by a backpressure <40 mmHg 
occlusion [44]. Another key factor is overall clamping time, which 
has progressively shortened with increased experience (for the 
Mo.Ma system from 10 minutes in the study of Diederich et al. [52] 
to 5 minutes in the PRIAMUS registry [53], with a parallel decline 
in the rate of clamping intolerance from 12% to about 6%). The 
same holds true for the PAES/NPS device, as the rate of clamping 
intolerance dropped from 8% in 2001 to 3% in 2005 [54]. However, 
clamping intolerance has not been associated with higher major 
adverse coronary and cardiac events (MACCE), even in the pres
ence of contralateral occlusion [44], and it does not represent an 
absolute contraindication to carry on the procedure. Indeed, three 
strategies can be adopted: hurry up in order to restore perfusion as 
soon as possible; positioning under protection a distal filter and 
then deflating the balloons (“seatbelt and airbag” technique); 
p erform a step‐by‐step procedure in which the balloons are inflated 
and deflated at each procedural step.

When to use proximal or distal protection 
and potential complications
Large studies comparing proximal with distal protection are lack
ing, so device selection should be based on the tailored approach. In 
challenging anatomies, with angulated ICA‐CCA take‐off and/or 
lack of a suitable ICA landing zone, proximal protection should be 
strongly recommended. The same holds true for lesions with high 
embolic risk, because proximal protection devices seem to be more 
effective than filter systems in avoiding distal embolization. The 
most frequent complications with distal protection devices are 
spasm and slow flow with an incidence of up to 3.6% and 7.2%, 
respectively [55]. In our experience a gentle approach as well as the 
use of a soft‐tipped filter wire minimized the frequency of this 
problem. Slow flow occurs when the filter pores are partially or 
completely occluded with debris and disappears following removal 
of the filter. Dissections at the landing zone have been described in 
0.5–0.9% of cases [30,56]. Device retrieval occasionally poses a 
problem and it is here that the torqueability of a guiding catheter 
can help change the attitude of the system allowing the retrieval 
sheath to cross the stent. Other maneuvers include turning the 
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patient’s head or using a buddy wire. Complications related to prox
imal protection devices are mostly related to intolerance. In the 
recently completed Mo.Ma registry [57], intolerance was observed 
in 7.1% of patients; in 1.9% intermittent balloon deflation was 
n ecessary to complete the procedure, and in 0.6% a distal filter 
was  positioned. All patients completed the procedure without 
in‐hospital or 30‐day neurologic complications.

Self‐expanding carotid stents
Structural and functional characteristics
Braided‐mesh stent
The first self‐expanding stent dedicated to carotid application was 
the cobalt alloy braided‐mesh frame which is highly flexible with 
acceptable radial strength. The frame is compressible and con
strained within a sheath: a spring‐like action allows it to expand as 
the sheath is withdrawn during deployment. Advantages include a 
small and flexible delivery system, a small free‐cell area with high 
scaffolding and wall‐coverage properties (plaque covering) and 
adaptability to the changing diameter across the bifurcation. 
However, it tends to straighten the vessel and has an unpredictable 
foreshortening during deployment.

Nitinol stents
The second group of self‐expanding stents is represented by a 
nitinol structure (nickel‐titanium alloy). The thermal expansion 
properties of nitinol characterize these devices and when exposed 
to body temperature they expand to the predetermined shape and 
size. Most are obtained from a tube of nitinol which is laser‐cut to 
create a frame comprised of sequential aligned annular rings inter
connected in a helical fashion. Another frame is the flat‐sheet 
nitinol‐roll closed‐cell design. An advantage of the nitinol stents is 
minimal foreshortening on deployment.

Nitinol stents, for simplicity, can be categorized as an open cell, 
closed cell, and hybrid designs, with either a cylindrical or tapered 
shape. The open‐cell designs tend to have a larger free‐cell area than 

the closed‐cell designs. The advantages of open‐cell stents include 
high conformability and flexibility, and high vessel‐wall adaptabil
ity. Disadvantages include moderate scaffolding and wall‐coverage 
properties, and stent–strut malalignment in complex carotid 
lesions. The closed‐cell stents have high scaffolding and wall‐ 
coverage properties but are disadvantaged by stiffness with poor 
conformability and flexibility. The semi‐quantitative comparison of 
functional differences among stent designs are shown in 
Table 69.2. Hybrid nitinol stents can be characterized by a hybrid 
solution of open cells in the distal and proximal segments in order 
to enhance flexibility and adaptability, and a closed‐cell design in 
the middle to obtain the appropriate scaffolding and wall coverage 
to prevent plaque prolapse (Figure 69.5). No study has definitively 
determined if an open, closed, or hybrid stent has a definite superi
ority in all lesions. Closed‐cell design stents allow less plaque pro
trusion but also cause more arterial straightening and distal vessel 
kinking. The opposite effects are evident with open‐cell design 
stents. Stent choice in a specific patient should be based on clinical 
judgment regarding which of the two concerns is more applicable in 
the individual case.

Is there a logical scheme for stent selection?
Different stent designs demonstrate functional equivalence when 
used in uncomplicated scenarios: simple supra‐aortic anatomies, 
straight carotid bifurcations, and stable fibrous plaques. However, 
frequently the operator has to face challenging situations requiring 
a move toward a tailored approach. Table 69.3 shows a functional 
categorization where cobalt‐alloy braided‐mesh stents are the first 
choice when the greatest need is to achieve reliable plaque coverage 
and long‐acting plaque prolapse prevention because of the con
stant radial force property (soft and long non‐homogeneous 
lesions are very prone to distal embolization). Bosiers et al [58] 
demonstrated a clear benefit in favor of stent scaffolding and wall 
coverage for reducing post‐procedural neurologic complications 
for symptomatic patients (unstable risky plaque). When the main 
technical challenge is represented by the carotid bifurcation and 

Table 69.2 Semi‐quantitative comparison of functional differences amongst stents.

Stent technical features Braided mesh Nitinol OCG* Nitinol CCG†

(a) Foreshortening TS TI TI

(b) Conformability/flexibility + ++ −

(c) Vessel wall adaptability + ++ +

(d) Scaffolding ++ + ++

(e) Radial strength + ++ ++

(f) Radial stiffness + + +

(g) Wall coverage ++ – ++

Technically Insignificant (TI): <15%
Technically significant (TS): >15%
Worse than others (−)
Comparable with others (+)
Better than others (++)
* OCG, segmented crown, open cell geometry.
† CCG, closed cell geometry (including flat rolled sheath frame).
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plaque complexity (severely angled lesions, plaque ulceration), or 
the main goal is to maintain the original anatomy/course of a very 
tortuous vessel, the in‐vessel flexibility and the wall–plaque con
formability of nitinol open‐cell stents are unmatched. Nitinol 
closed‐cell stents represent a great technical solution for focal con
centric lesions, especially if resistant or calcified: in such a clinical 

subset the functional key point is the outward radial force exerted 
by the stent over time.

New developments in carotid stents
Double‐layer mesh stent technology
The RoadSaverTM carotid stent (Terumo, Japan) is a self‐expanding, 
double layer, micromesh scaffold compatible with a 0.014‐inch guide 
wire and 7 Fr guiding catheter/6 Fr long sheath (Figure  69.6). The 
external nitinol mesh layer enables a flexible scaffold that can accom
modate tortuous anatomy and allow for adequate strut apposition 
while the internal nitinol micromesh—the cell size is extremely small 
(0.381 mm2)—allows an increased plaque coverage, a characteristic 
that should be beneficial in terms of post‐procedural embolic protec
tion by very tight plaque coverage (Figure 69.7). The stent diameter 
currently available is in the range 5–10 mm while the length cover 
ranges from 20 up to 50 mm in 10‐mm intervals. The promise of this 
technology is to achieve improved plaque coverage thanks to the 
internal micromesh that captures the prolapsing tissue, while the flex
ible external layer provides great adaptation to the vessel anatomy, 
thus  reducing the rate of acute malapposition. It remains to be 
d emonstrated whether this interesting concept will translate into a 
reduction of ischemic neurologic events associated with CAS; no such 
study can provide definitive evidence thus far.
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Figure 69.5 (a) Functional characteristics of the hybrid carotid stent. The closed‐cell mid portion and two open‐cell portions at both edges 
provide adequate scaffolding to the plaque while assuring high flexibility and vessel wall adaptability, respectively. (b) Comparison of free cell 
area (mm2) in the three segments of the hybrid carotid stent.

Table 69.3 Functional categorization of stents.

Carotid lesion/bifurcation profile Type of stent

1 Medium to long lesions (15–25 mm)
2 Soft dishomogeneous lesions
3 Straight carotid bifurcations

Cobalt‐alloy 
braided mesh stent

4 Carotid bifurcation lesions with ICA/
CCA diameter mismatch

5 Angled carotid bifurcation

Nitinol open‐cell 
stents

6 Short lesions (<15 mm)
7 Highly calcified lesions
8 Straight carotid bifurcation

Nitinol closed‐cell 
stents

CCA, common carotid artery; ICA, internal carotid artery.
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Step‐by‐step technique of carotid 
stenting
Clinical protocol
Pre‐medication
Dual antiplatelet therapy with aspirin and clopidogrel, ideally initi
ated 5 days before the procedure; and continued for at least 30 days, 
at which time clopidogrel is usually discontinued.

Pre‐procedure investigations
• Carotid duplex scan, CTA/MRA scan.
• Independent neurologic evaluation.

General procedural measures
• Head restraint and no sedation, with neuroevaluation during 

procedure by simple communication and movement 
parameters.

• Standard monitoring of vital parameters.
• Heparin IV 70 IU/Kg (activated clotting time 250–300 seconds).

Technique
Vascular access
Femoral access is recommended, but in the presence of extreme 
tortuosity or occlusion of the iliac arteries the radial or brachial 
approach is feasible; however, consideration needs to be given to the 
compatibility of the materials in planning the intervention. 
Generally, the right CCA is approached from the left arm and vice 
versa, but in reality it is determined by the distance between the 
origins of the supra‐aortic trunks.

Baseline angiographic evaluation
In the absence of a CTA/MRA scan, aortic arch angiography is 
undertaken with a pigtail catheter (30–45° LAO) to visualize the 
 origin of the supra‐aortic vessels. Selective cannulation of the target 
vessel is performed to evaluate the carotid bifurcation in at least two 
orthogonal projections, demonstrating the maximum severity of the 
lesion and adequate separation of the ICA from the ECA, in both 
digitally subtracted and regular formats. The RAO view is helpful to 
separate the division of the brachiocephalic trunk into the subclavian 
artery and CCA. It is mandatory to perform an intracranial angio
gram which may reveal an unexpected arteriovenous malformation 
or for comparative assessment with the post‐intervention angiogram 
in the event of embolization. Four‐vessel angiography is indicated 
only where the complexity of the case recommends it as mandatory, 
such as establishing the adequacy of the collateral circulation and 
the  function of the circle of Willis when considering endovascular 
 clamping in the presence of contralateral ICA occlusion.

Common carotid engagement
Obtaining a safe and stable engagement of the CCA is one of the 
most important technical aspects to the CAS procedure. Two stand
ard techniques are described outlining the most commonly used 
materials in our laboratory.

Guiding‐catheter engagement
• A 90–100 cm 8 Fr guiding catheter is chosen according to the 

 aortic arch configuration:
• For simple anatomy, a 40° angled soft‐tip catheter is advanced to 

the mid‐CCA over a soft‐angled 0.035‐inch standard hydrophilic 
wire positioned just below the bifurcation.

• For complex anatomy an angulated guide such as a “hockey stick” 
curve catheter is advanced into the proximal CCA.

• The introduction of two, or possibly three, 0.035‐inch wires in order 
to advance the catheter in the presence of an unstable situation is 
feasible. Another option is the placement of a 0.014‐inch wire in the 
ECA for increased stability during the intervention.

Figure 69.6 RoadSaverTM carotid stent (Terumo, Japan), a self‐
expanding double‐layer micromesh scaffold. Source: Reproduced with 
permission of Terumo Europe NV.

Figure 69.7 Optimal coherence tomography assessment of a 
RoadSaverTM stent showing no significant prolapse of plaque and 
good wall apposition. The white arrows point to the stent meshes.
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• The great advantage of this technique is steerability but it is 
critical to be cognizant of the risk of scraping the aortic arch 
during manipulation with the attendant risk of embolization. 
This can be avoided by meticulous technique, executed by 
g entle, small, and slow movements; always advancing under 
rotation and with the right orientation of the catheter using 
the  wire to engage the artery. Of course, a drawback of this 
strategy is the large femoral access with the attendant risk of 
complications.

Sheath placement
• A 100 cm 5 Fr JR4 guiding‐catheter is advanced over a soft‐angled 

0.035‐inch standard hydrophilic wire into the CCA. The use of a 
guiding catheter allows contrast injection with a 0.035‐inch wire. 
The same can be achieved with a 6 Fr Vitek or Berenstein type 
catheter according to anatomic suitability.

• Following an angiogram delineating the bifurcation, the hydro
philic wire is advanced into the ECA and positioned in a distal 
branch avoiding the lingual artery. The guiding catheter is then 
advanced deeply into the ECA in a stable position, and if added 
support is needed a 0.018‐inch wire may also be accommodated. 
The standard 0.035‐inch wire is exchanged for a long 260–300 cm 
0.035‐inch support wire.

• The guiding catheter is then withdrawn and a guiding sheath is 
advanced to the mid‐CCA over the support wire. In our practice 
the Mo.Ma device, which incorporates the functional aspect of a 
proximal protection device into a shuttle sheath, is applied and its 
respective aspects are advanced into the ECA and CCA.

• The advantage of this technique is its safety but it is less steerable 
and with a tortuous CCA kinks can result or existing tortuous 
loops can be exaggerated and displaced cephalad. In addition, 
with significant disease in the proximal CCA or an occluded ECA 
this technique is not feasible.

EPD management
Managing the EPD in a safe and expeditious manner is one of the 
key points to successful CAS and several issues are discussed in the 
relevant sections.

Pre‐dilatation
Pre‐dilatation is reserved for very tight lesions, heavily calcified 
lesions, or stenoses with a high tendency to recoil such as long 
fibrotic lesions. This is usually undertaken with a low profile coro
nary balloon in the range of 2.5–4.0 mm diameter and 20–30 mm 
length, and inflated at nominal pressure to minimize the risk of 
embolization. Consideration should be given to using a cutting 
balloon for heavily calcified lesions, usually with a diameter of 
3.5–4.0 mm and inflated at moderate pressure (8 atm). Our group 
reported on the use of this application in 111 patients with severe 
highly calcific de novo disease with a procedural technical success 
rate of 100% [59,60]. The combined all stroke and death rate at 30 
days follow‐up was 0.9%, with one major stroke. Pretreatment with 
0.5–1 mg intravenous atropine is required at this stage and/or post‐
dilatation phase. Large doses of atropine are avoided in the elderly, 
as this can result in confusion and make accurate neurologic 
assessment difficult.

Stent deployment
The unconstrained diameter of the self‐expanding stent should be 
1–2 mm larger than the reference vessel diameter in order to obtain 
a stable position and a reliable wall apposition. Usually, we recom

mend to stent from “angiographically normal‐to‐normal” vessel. In 
the presence of challenging anatomy it is helpful when bringing up 
materials across the arch is to view the stability of the guide in an 
LAO view. When deploying the stent, release at least 5 mm of the 
stent distally and wait for it to expand and stabilize against the wall 
before releasing the remainder of the stent. If the distal edge lands 
into a tortuous segment injury can result. It is prudent to be aware 
that tortuous segments are not straightened by a stent but are sim
ply displaced cephalad and can be exaggerated. Speed and mini
mum use of devices across the lesion are not negligible keys for 
successful CAS.

Post‐dilatation
Post‐dilatation is always a critical step as the greatest amounts of 
emboli are released in this phase. To minimize the embolic load we 
recommend:
• Balloons no larger than 5.5 mm in diameter;
• Inflating to nominal pressure;
• Accepting a 10–15% residual stenosis;
• Persistent flow via the struts into an ulcer does not require f urther 

dilatation; and
• If the ECA becomes occluded, recanalization should be attempted 

only if the patient is symptomatic (jaw or facial pain) and in such 
a case it may be sufficient to restore only TIMI II flow.

Final angiographic evaluation
Following EPD removal, final angiograms are acquired in the same 
baseline projections. If a distal protection device was used the 
l anding zone has to checked carefully, particularly if the ICA is tor
tuous, to exclude any spasm or dissection. Ipsilateral intracranial 
a ngiography should be routinely acquired.

Vascular access site management
General access site management should apply and take into account 
that an early ambulation and discharge can counteract the activated 
carotid sinus reflex and the occasionally observed post‐procedural 
hypotension.

Case histories
The following cases were selected to illustrate the tailored approach 
to CAS.

Case 1: Technical issues related to the stenting segment: 
short and soft plaque associated with complex anatomy 
(Figure 69.8)
Technical issues
• Vessel tortuosity is challenging for distal EPDs and necessitates a 

stent with good conformability to respect the original vessel anat
omy; and the mismatch between the ICA and CCA requires a 
tapered design.

• Soft, highly embologenic plaque needs a stent with high scaffold
ing properties.

“Tailored” CAS strategy
• Proximal EPDs avoid the risk of unprotected crossing of the 

lesion and tortuous segment with a distal device.
• The stent provides good conformability because of the open cells 

at the distal and proximal parts; the closed cells in the middle part 
afford adequate scaffolding and the tapered design suitably 
adjusts to the vessel mismatch.
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Case 2: Technical issues related to the proximal vessel 
zone: challenging supra‐aortic anatomy (Figure 69.9)
Technical issues
• Marked tortuosity of the brachiocephalic trunk and CCA, in 

addition to posing a challenge to engagement makes it difficult to 
establish good support to complete the intervention.

“Tailored” CAS strategy
• Use of multiple wires to engage the CCA and maintain stability; 

in addition to the use of a soft‐tip guiding catheter are key 
strategies.

• Also, the choice of a highly deliverable stent is crucial.

Case 3: Technical issues related to stenting segment: 
long ulcerated lesion (Figure 69.10)
Technical issues
• A long irregular lesion with severe ulcerations poses a high 

embologenic risk. In addition, crossing of the lesion with a wire 
affixed to a filter is risky.

“Tailored” CAS strategy
• The Spider filter (eV3) allows the choice of an independent 

0.014‐inch wire to gently cross the lesion.
• Carotid stent provides high scaffolding and long‐acting plaque 

prolapse prevention until the ulcerations are obliterated. As the 

(a) (b) (c)

(d) (e) (f)

Figure 69.8 Stenting segment complexity: (a) Short and high‐grade lesion in right ICA with significant “soft” component identified by duplex 
scan. (b) Contrast injection through the Mo.Ma device after flow blockage “roadmap.” (c) Stent 7/10 x 40 mm positioning. (d) Stent deployed: 
distal edge diameter showed by white arrows, proximal edge diameter showed by black arrow. (e) Post‐dilatation with a 5.5/20 mm balloon. 
(f) Final result: the closed‐cell segment is shown by the full arrow and the outline arrows show the open‐cell segments.
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ICA is aligned to the CCA the tendency of this stent to straighten 
the vessel does not pose a problem in this case.

Case 4: Technical issues related to the proximal vessel 
zone: very large CCA > 10 mm and consequent vessel 
mismatch (Figure 69.11)
Technical issues and “tailored” CAS strategy
The very large CCA and vessel mismatch requires the right stent, 
which can be sized 12 mm in diameter. In addition, availability in a 
tapered shape would be suitable for the vessel size mismatch.

Case 5: Technical issues related to the cerebral vessel 
zone: arteriovenus malformation (Figure 69.12)
A patient awaiting aortic valve surgery attended for intervention to 
an asymptomatic right ICA stenosis. Unexpectedly, intracranial 
angiography revealed an arteriovenous malformation (AVM) 

f eeding off from the right anterior cerebral circulation. Our neuro
surgical colleagues were consulted and, based on the possibility that 
stenting will increase the perfusion pressure to the AVM thus risk
ing a hemorrhagic complication, a decision was made to manage 
the patient conservatively until further assessment and treatment of 
the AVM. This case illustrates the value of obtaining an intracranial 
angiogram when planning CAS, and emphasizes the importance of 
teamwork and consultation of colleagues in a safe CAS practice.

Carotid stenting complications
Bradycardia and hypotension
Transient sinus bradycardia or asystole are relatively common 
responses during balloon dilatation at the carotid bifurcation and 
 pretreatment with atropine is preventative. This is less commonly 
observed in treating restenosis after CEA where the receptors have 

(a) (b) (c)

(d) (e) (f)

Figure 69.9 Proximal vessel zone complexity: (a) Arch angiogram shows marked tortuosity of the supra‐aortic vessels. (b) A 0.035‐inch 
hydrophilic wire placed in the right subclavian artery (full arrow) stabilizes the 40° 8 Fr guide in order to advance a 0.014‐inch wire to the 
external carotid artery (ECA; outline arrow). (c) Then the 0.035‐inch wire is brought up into the common carotid artery (CCA) followed by 
another 0.035‐inch wire (arrowhead). With this support the guide can be safely advanced into the CCA. (d) A filter is positioned in the distal 
ICA with the 0.014‐inch wire in the ECA providing extra support. (e) Carotid Wallstent (Boston Scientific) positioning. (f) Final result after 
post‐dilatation.
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been denervated by surgical dissection. Hypotension from  stimulation 
of the baroreceptors from both balloon dilatation and the persisting 
stretch of the self‐expanding stent is not uncommon and is usually 
managed by adequate intravascular volume expansion, but with 
 heavily calcified lesions can be more pronounced and require small 
doses of intravenous vasopressors such as 0.5 mg metaraminol. 
Continued hemodynamic monitoring in the 24‐hour post‐procedural 
period is crucial. Severe sustained hypotension can require dopamine 
infusion, but it is important not to overlook other potential causes of 

hypotension such as retroperitoneal hemorrhage. Hypotension should 
be  corrected expeditiously in the presence of contralateral ICA 
 occlusion, intracranial stenoses, vertebrobasilar disease, and peri‐ 
procedural cerebral ischemia secondary to an embolic event.

Carotid artery spasm
Spasm of the distal ICA following filter deployment usually resolves 
spontaneously within several minutes after removal. A flow‐limiting 
spasm could be a potential hazard in the presence of contralateral 

(a) (b) (c)

(d) (e) (f)

Figure 69.10 Stenting segment zone complexity. (a) Long ulcerated lesion involving the left ICA and distal CCA. (b) Cerebral angiogram shows 
a dominant left hemisphere with visualization of both anterior cerebral arteries (full arrows) and the anterior communicating artery (circle). 
(c) Confirmation of good wall apposition of filter (circle). (d) Suboptimal wall apposition of 9/40 mm stent. (e) Post‐dilatation with a 5.5/20 mm 
balloon. (f) Final result showing good stent expansion. The concept to cover from angiographically normal‐to‐normal segments is illustrated. The 
persistent ulcerations will be excluded by in 2–3 weeks.
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ICA occlusion and/or incomplete circle of Willis. Intra‐arterial 
administration of 100–400 µg nitroglycerin, once blood pressure 
allows, through the guiding catheter generally aids in resolution of 
the spasm. Recalcitrant spasm usually responds to low‐pressure 
balloon angioplasty (≤2 atm).

Distal embolization
Symptomatic distal embolization is the most important complica
tion but the extensive use of EPDs has reduced this to a rare event 
(0.4–1.5%). The predisposing factors are shown in Box  69.2. It is 
essential to monitor the patient’s neurologic status after every step 
of the procedure. If a significant change appears and persists, gen

eral patient care should be instituted with emphasis on maintaining 
normal blood pressure and intravascular volume status, stabilizing 
heart rate, and maintaining a viable airway with oxygen administra
tion. If the patient becomes agitated and especially if the airway is 
compromised, the assistance of an anesthesiologist should be uti
lized. Whenever possible the procedure should be concluded 
quickly and intracranial angiography undertaken. The most likely 
sites are the distal ICA and the middle cerebral artery including its 
branches. Large vessel occlusion is easy to detect, but embolism in 
the smaller branches requires careful scrutiny utilizing the preproc
edural angiogram. An attempt should be made to recanalize an 
occluded large vessel as soon as possible (balloon angioplasty, 

(a) (b) (c)

(d) (e) (f)

Figure 69.11 Stenting segment zone complexity. (a) Short and severe lesion of right ICA with an enormous CCA. (b) Confirmation of good 
filter wall apposition. (c) Stent positioning 8/12 x 40 mm. (d) Stent aspect after deployment, noting the struts in the CCA. (e) Post‐dilatation with 
5.5/20 mm balloon. (f) Final result.



CHAPTER 69 Carotid Artery Angioplasty and Stenting 667

thrombolytic agents, IIb/IIIa inhibitors). For a symptomatic 
small  branch occlusion, adequate hydration, blood pressure, and 
a nticoagulation should be ensured.

Intracranial hemorrhage
Cerebral hemorrhage is a life‐threatening complication, though 
rare. Sudden loss of consciousness preceded by severe headache in 
the absence of vessel occlusion should alert the operator. A more 
subtle feature is signs of a localized expanding phenomenon on 
angiography. Once suspected, anticoagulation should be reversed 
and an emergency CT scan performed. Cerebral hemorrhage has 
been associated with a combination of excessive anticoagulation, 
poorly controlled hypertension, aggressive attempts at intracranial 

neurovascular rescue, presence of a vulnerable berry aneurysm, or 
CAS in the presence of a recent ischemic stroke (less than 3 weeks).

Hyperperfusion syndrome
The hyperperfusion syndrome is related to long‐standing hypoper
fusion that results in impaired autoregulation of the microcircula
tion; thus following revascularization the increased perfusion 
pressure overwhelms the ability of the dilated arterioles to constrict. 
This is a rare complication manifested as ipsilateral headache, nau
sea, confusion, neurologic deficits, focal seizures, and intracranial 
hemorrhage; typically occurring in patients with severe carotid ste
nosis and poor collateral circulation, such as with occlusion of the 
contralateral ICA or underdeveloped circle of Willis. In addition, 

(a) (b) (c)

(d) (e)

Figure 69.12 Cerebral vessel zone complexity. (a) Focal right ICA stenosis. (b–e) show the intracranial angiogram revealing an arteriovenous 
malformation.



668 PART IV Vascular Disease for the Interventionalist SECTION I Cerebrovascular Disease

bilateral carotid stenting during the same sitting can contribute. 
Contrary to the surgical hyperperfusion syndrome where symp
toms develop within a few days, the endovascular hyperperfusion 
syndrome develops during or in the immediate post‐procedural 
period. This is likely related to heparin administration, dual anti
platelet agents, and the previous use of glycoprotein IIb/IIIa antago
nists which is no longer recommended. Meticulous control of 
anticoagulation and blood pressure in predisposed patients is 
c ritical to prevention.

Contrast encephalopathy
Contrast encephalopathy is very rare and is a transient neurologic 
syndrome mostly related to a prolonged procedure where a large 
volume of contrast is used. Neurologic deficit with marked contrast 
enhancement “staining” in the basal ganglion and the cortex can 
develop, but without brain abnormalities on CT. No abnormalities 
on intracranial angiography are detected. Because the contrast 
medium does not cross the blood–brain barrier, this phenomenon 
can be caused by both a fine particulate embolization and excessive 
local contrast. Patients typically recover completely within 24 hours 
without permanent neurologic deficit.

Carotid dissection
Carotid dissection is a rare complication, predisposed by severe 
t ortuosity and poor control of filter position or use of a distal 
b alloon occlusion device. Post‐dilatation of the distal stent edge 
within the ICA and aggressive manipulation of the guiding catheter 
in the CCA are also risky. Management options include balloon 
angioplasty, additional stent implantation, or a conservative s trategy 
dependent on severity and flow.

Carotid perforation
Carotid perforation is an extremely rare event predisposed by over
sizing the post‐dilatation balloon or aggressive dilatation. Prolonged 
balloon inflation or a covered stent can be considered to manage 
the situation.

Acute stent thrombosis
Acute stent thrombosis is a remarkably rare event. Dual antiplatelet 
therapy has been demonstrated to lower the rate of stent thrombo
sis and peri‐procedural embolic events. In addition, good stenting 
techniques can have a positive role. As a general rule, based mostly 
on common sense, we treat patients referred for non‐atheroscle
rotic lesions or with suboptimal results with dual antiplatelet agents 
indefinitely.

Restenosis
The restenosis rate after CAS is remarkably low. Recently, Setacci 
et al. [61] reported on one of the largest assessments undertaken 
which showed an intrastent restenosis (>70%) rate of 2.7%.

tailored approach to CAS: scientific 
evidence
Only a few published data are available regarding the potential impact 
of technical features of stents and EPDs on CAS clinical outcome. 
In 2009, our group published the tailored CASE Registry [62], which 
involved 1380 patients (1523 procedures) from April 1999 to 
September 2007 who were managed with mandatory neuroprotec
tion and a tailored approach to intervention. A wide range of stents 
and EPDs were used. The primary endpoint was the cumulative inci
dence of all strokes and deaths at 30 days. The secondary endpoint 
was a composite of the primary endpoint plus cumulative incidence 
of all strokes or stroke‐related deaths up to September 30, 2007. 
CAS  success was 99.6% and the 30‐day all‐stroke/death rate was 
1.5% (minor stroke 11, 0.7%; major stroke 8, 0.5%; death 5, 0.3%). 
Regarding symptomatic patients this risk was 2.7% versus 1.2% for 
asymptomatic patients (p = 0.042). Symptomatic octogenarians had a 
higher risk than other groups (OR 3.9, 95% CI 1.06–14.0): asympto
matic ≤79 1.2%, asymptomatic ≥80 1.2%, symptomatic ≤79 2.3%, and 
symptomatic ≥80 4.5%. The results from this large cohort demon
strate that carotid stenting for all‐comers in a “real‐world” setting, 
based on the tripod of expert operators, “tailored approach” and 
mandatory neuroprotection, is safe and efficacious, and durable in 
the long‐term prevention of stroke.

In a previous study [32], we analyzed the embolic events in depth 
with regard to their temporal distribution during and after the 
 procedure (Figure 69.13). It was clear that with a tailored approach 
procedural embolic complications were limited to TIAs, and embolic 
neurologic events (minor and major strokes) occurred invariably 
within the 24‐hour post‐procedural and recuperative periods up to 
30 days’ follow‐up. It is a reasonable hypothesis that there was a par
tial stent‐frame failure: despite the routine application of selected 
stents, advanced protection techniques, and combined antiplatelet 
therapy, we were able to protect the procedure but not the patient 
over time.

Owing to the early identification of high risk anatomy for carotid 
endarterectomy [63], the level of carotid lesion with respect to bony 
“obstacles” to surgical access for proximal and distal vessel control 
has been used for case selection for carotid stenting. High carotid 
bifurcation above the mandibular angle is a reason to avoid surgery, 
as is a high petrous segment lesion (most appropriately treated by 
neuroradiology techniques) and the proximal common carotid 
location. The latter can at times also preclude any type of embolic 
protection device because of the absence of an adequate landing 
zone and the risk versus benefit of its performance should be care
fully evaluated.

Early clinical evidence also substantiated that balloon expanda
ble stents are unsuitable for the treatment of carotid bifurcation dis
ease [64]. Finally, contrast media‐specific reactions that simulate 
neurologic injury should also be considered [65].

Future directions
Carotid stenting, although it has become a mature technique 
r egularly applied with excellent outcomes in high volume centers 
by expert operators, is still struggling to find the consensus of the 
scientific community. Inadequate requirements in terms of opera
tor endovascular experience, potentially leading to an increased 
adverse event rate related to both insufficient technical skills and 
inadequate patient selection, has been proposed as the central rea
son for the unfavorable outcomes related to CAS. In this scenario, 

Box 69.2 Considered factors increasing risk of embolization.

1 Inadequate pre‐treatment with antiplatelet therapy
2 Inadequate anticoagulation
3 Prolonged attempts to engage common carotid artery in challenging 

anatomies
4 Soft plaque
5 Aggressive guidewire manipulation
6 Aggressive balloon dilatation pre‐ or post‐stent implantation
7 Forceful crossing of a heavily calcified plaque with a high‐profile stent
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one thing is clear: the need for highly trained operators. The tai-
lored approach has been emphasized as the key to achieving a safe 
practice, a concept that, in its essence, requires from the operators a 
solid theoretical and practical learning curve on dedicated endovas
cular materials and techniques. Emerging technologies and further 
innovations pursuing stroke prevention will probably allow opera
tors to address safer carotid endovascular revascularization only in 
the more general context of serious research protocols and formal 
training programs.

The entire field of carotid revascularization (via stenting or 
endarterectomy) for asymptomatic, highly stenotic disease has 
received heavy criticism from the clinical neurology community 
because of the tremendous progress of medical therapy in this area, 
in comparison to the era of the original randomized trials. In other 
words, neurologists question the window of clinical  benefit with 
revascularization can be sufficiently large to justify the procedure 
when compared with state‐of‐the‐art therapy with thienopyridine 
antiplatelet treatment (e.g., clopidogrel), plus high intensity statins 
(e.g., rosuvastatin, atorvastatin) and improved systemic arterial 
pressure control over time. At the same time, improved techniques 
have rendered both stenting and endarterectomy safer than in 
 earlier eras. Accordingly, a prospective randomized trial (with NIH 
funding support) is underway to compare revascularization (either 
stent or endarterectomy) or not on a common background of state‐
of‐the‐art intense medical therapy in patients with asymptomatic 
highly stenotic carotid bifurcation disease.
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Cerebral aneurysms are located under the arachnoid membrane, 
and can be classified as ruptured, causing life‐threatening hemor-
rhage, or unruptured (elective). The latter can be further classified 
as symptomatic, mainly due to the mass effect, or asymptomatic, 
also called incidental. The diagnosis of a ruptured aneurysm is 
an emergency angiography in the acute phase, as soon as possible 
after the bleeding, followed by the treatment, surgical or endovas-
cular. If the latter, it should be carried out in the same session, 
if  possible, to prevent rebleeding, which can have disastrous 
consequences.

The indication for treatment of a ruptured aneurysm is absolute, 
because it is a life‐saving procedure. According to the results of 
the  ISAT [1], endovascular treatment had significant lower risk 
for  adverse effects than surgical clipping, which is why this has 
become the method of choice since the publication of the results in 
The Lancet, 2002.

There is a wide variety of indications and treatment strategies for 
elective aneurysms, depending on factors like size, shape, location, 
age, and whether they are symptomatic.

Intracranial aneurysms are located outside of the arachnoid 
membrane, intra‐, or extradural, mainly on the cavernous portion 
of the internal carotid artery (ICA), in the cavernous sinus (CS), 
and rarely on the petrous portion of the ICA. If asymptomatic, there 
are no indications to treat them, because they cannot bleed into the 
subarachnoid space, but if large they can cause cranial nerve palsy 
(III, IV, or VI) beginning with diplopia, hearing loss (VIII), or—if 
ruptured—a direct carotico‐cavernous fistula (CCF) with similar 
symptoms, plus bruit. In these cases, endovascular treatment is 
indicated.

Diagnosis
Ruptured aneurysms
The first and most important step in the diagnosis of a ruptured 
aneurysm is the correct evaluation of the clinical signs and symp-
toms, which start with sudden, intense headache, often followed by 
nausea and vomiting. The pain can be so intense that the patient 
becomes unconscious for a short period or longer. Clinical exami-
nation can reveal nuchal rigidity. The next step in the diagnosis 
is  a  cranial computed tomography (CT) scan, which can detect 
the  hemorrhage, which is most often subarachnoid, but can be 

intraventricular, intracerebral, and rarely even subdural, or a 
c ombination of these. CT shows the thickness of the clot, which is 
one of the predictors of clinical outcome. The blood distribution 
can localize the likely source of the bleeding, especially if a hema-
toma surrounds the aneurysm. With negative CT findings, lumbar 
puncture (LP) should then be performed, to confirm or rule out 
small intrathecal bleeding, so‐called warning leak that can be unde-
tected on CT, or—when several days have passed after the ictus—to 
evaluate blood degradation products in the cerebrospinal fluid, 
which can confirm subacute bleeding up to 3 weeks prior to the 
examination. If subarachnoid hemorrhage (SAH) has been con-
firmed, “four‐vessel” digital subtraction angiography (DSA) should 
be the next step, ideally under general anesthesia, to evaluate the 
cerebral circulation, in order to reveal the bleeding source, further 
classify its shape and configuration, and assess the collateral circu-
lation. Rotational angiography with three‐dimensional reconstruc-
tion (3DRA) of the aneurysm is essential, in order to obtain accurate 
measurements and define the exact anatomy of the sack and the 
neck in relation to the parent artery and to decide the best thera-
peutic option. In significant bleed but negative angiogram, the 
patient should be kept in hospital and DSA repeated after 10–14 
days, to reveal aneurysm that might been thrombosed or a blood 
blister‐like aneurysm, which were undetectable at the time of the 
initial angiogram.

Elective aneurysms
Following intravenous injection of iodine‐based contrast material, 
CT can readily visualize the intracranial vessels. As the method is 
quick, cheap, and can accurately demonstrate intracranial space‐
occupying processes, a large number of these examinations are per-
formed in every X‐ray unit equipped with a CT scanner, for many 
different indications, often including headache, even without neu-
rologic symptoms, because it can rule out severe pathologic pro-
cesses, like tumors. The vast majority of these examinations do not 
demonstrate any pathologic findings, but can reveal cerebral aneu-
rysms as incidental findings. As every physician—and also many 
patients—is aware of how dangerous these aneurysms can be if 
r uptured, many of these findings will lead to referrals to neurosurgical 
centers, to evaluate whether that particular aneurysm needs further 
medical attention. In the author’s praxis, serving a catchment area 
of approximately 2 million people, the evaluation of these incidental 
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aneurysms takes a couple of hours every week, within a frame of a 
neurovascular conference, involving one senior interventional 
n euroradiologist, and at least one senior and some younger vascular 
neurosurgeons.

With the evolving development of technology, like the introduc-
tion of spiral and multislice CT, examination time has decreased 
significantly, and a complete examination of the cerebral vessels, 
CT angiography (CTA), can nowadays be performed in 10–15 
s econds. As this is a non‐invasive method, it is routinely used to 
evaluate the cerebral circulation if an incidental aneurysm has been 
detected. Also, in a patient with a ruptured aneurysm associated 
with a hematoma that requires surgical evacuation, a good quality 
CTA can replace the DSA, giving the neurosurgeon immediate 
information to be able to clip the aneurysm safely during evacua-
tion, without waiting for DSA to be performed, to minimize the 
time the brain tissue is subjected to high intracranial pressure.

Everything that has been mentioned about CT and CTA is also 
valid for magnetic resonance imaging (MRI, or nowadays just MR) 
and magnetic resonance angiography (MRA). This technology can 
distinguish the intracranial tissues even more accurately than CT, 
without the need for ionizing radiation. Imaging of the cerebral 
v essels with MRA is easy if the patient can cooperate (i.e., keep still 
for several minutes). It can be performed without intravenous con-
trast, which is why it has become the method of choice as a screen-
ing procedure for cerebral aneurysms during the last two decades. 
Both CTA and MRA can depict aneurysms in the range of 1 mm, 
which is sufficient for the diagnosis of unruptured aneurysms. 
MRA is also utilized as follow‐up examination of aneurysms treated 
by endovascular means, and as serial follow‐up of untreated 
a neurysms to detect progress of their size.

Indications for endovascular treatment
Ruptured aneurysms
This is a very serious condition that kills 30% of patients before they 
reach the hospital. All patients surviving the first bleed have a sig-
nificant risk for early rebleeding that is highest in the first hours 
following the initial bleed, successively diminishing over the weeks. 
According to the natural history, rebleeding would kill an addi-
tional 10–15% of untreated patients within the first months. 
According to Kassell et al. [2], based on the clinical outcome of 3521 
patients with ruptured cerebral aneurysms, early surgery is no more 
hazardous than delayed surgery, and eliminates the risk of rebleed-
ing, which is the major cause of mortality. This result prompted 
neurosurgeons to perform surgical intervention—clipping—as 
soon as possible following the bleeding. The same conclusion is 
valid for endovascular treatment as well. In the author’s institution, 
endovascular treatment of eligible patients with ruptured aneurysm 
is performed on the day of admission, if the procedure can be 
started before 8 pm at latest, unless there is evidence of rebleeding. 
In case of the latter, the treatment is performed during the night as 
well, to prevent repeated rebleeding, which can be fatal.

Elective aneurysms
Incidental aneurysms <7 mm in the anterior circulation
Following the publication of the ISUIA [3], which assessed 4060 
patients, stating that the risk for rupture of an incidental cerebral 
aneurysm located in the anterior circulation, measuring less than 
7 mm is very low, while treatment of elective aneurysms carries a 
significant risk, which often exceeds the risk of rupture according 
to  the natural history, a scientific debate among neurologists, 

neurosurgeons, and interventional neuroradiologists has taken 
place, questioning the validity of the conclusions in the era of mod-
ern endovascular therapy, because the risk–benefit calculation of 
the treatment was based mostly on surgical clipping: 1917 versus 
451 endovascular procedures. Worldwide clinical experience could 
not verify the low rupture risk of these aneurysms, which is why the 
results of the study have not been fully implemented into clinical 
practice. The established clinical routine in most of the high volume 
institutions, where both neurosurgical clipping and endovascular 
treatment are available—including the author’s—is that all referred 
cases are discussed in scheduled neurovascular conferences, where 
the decision whether or not the treatment—be it surgical or endo-
vascular—should be offered to a patient is made, taking into consid-
eration the patient’s age, general health condition, and following a 
careful analysis of the location and configuration of the aneurysm.

Incidental aneurysms >7 mm in the anterior and all sizes 
in the posterior circulation
According to the same study [3], the natural history of these aneu-
rysms showed that the risk of rupture was significantly higher in the 
posterior circulation, including posterior communicating aneu-
rysms, and increased with size. However, the risk associated with 
the repair in the study—again, mainly based on surgical clipping—
often equalled or exceeded these rates. As the study was published 
in 2003, analyzing the data based mainly on surgical clipping per-
formed roughly 20 years ago has no relevance for current practice, 
in the author’s opinion. The indication for endovascular treatment 
of these aneurysms with the tools available now is valid, because 
it  can eliminate the risk of bleeding, with a reasonably low risk 
associated with the treatment.

Coincidental aneurysms
This is a special group of aneurysms, discovered during DSA of a 
patient with bleeding from another aneurysm or arteriovenous 
malformation (AVM). Clinical experience shows that aneurysms 
associated with other ruptured aneurysms have higher risk for 
bleeding than “pure” incidental aneurysms, which is why the indi-
cation for endovascular treatment of them is also stronger. For that 
reason, in the author’s institution, these aneurysms are treated, 
either in the same session as the presumed ruptured one, if the 
patient is in good clinical condition and the treatment is technically 
easy to perform without the need for platelet inhibitors, or at the 
scheduled follow‐up of the ruptured aneurysm, usually 9 months 
after treatment, or earlier, depending on clinical judgment.

Unruptured aneurysms associated with AVMs—flow‐related 
aneurysms—have a different natural history, with a similar or lower 
rupture rate to pure incidental aneurysms, which is why the indica-
tion for and optimal timing of endovascular treatment is dependent 
on the strategy regarding the AVM. If the AVM is ruptured, and the 
patient is eligible for the treatment, it has to be treated first. 
Following successful treatment of that—by endovascular, surgical 
or radiation therapy, or the combination of these—the aneurysm(s) 
may shrink or disappear. Follow‐up angiography 2 years after com-
pleted treatment (5 years after radiation therapy) can usually give 
relevant information about these flow‐related aneurysms to decide 
whether they need further medical attention.

Symptomatic aneurysms
These aneurysms are usually large (15–25 mm) or giant (>25 mm), 
and patients can present with pain caused by their mass effect, com-
pressing the dura mater, cranial nerves and other neural structures, 
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and they can cause visual disturbances, motor weakness/hemipare-
sis, sensory loss, and epileptic seizures. The symptoms are mainly 
related to the location of the aneurysm, but because of their size, 
they can be partially thrombosed, and patients can also present with 
transient ischemic attack(s) (TIA) in the vascular territory down-
stream of the aneurysm. As a result of these disabling symptoms, 
endovascular treatment is indicated even if the aneurysm is outside 
of the subarachnoid space, but if it is within, the indication is very 
strong, because the risk for rupture of these aneurysms in the suba-
rachnoid space is high, and, if ruptured, the treatment—endovascu-
lar or surgical—is technically difficult and associated with high risk, 
which is why subacute, prophylactic endovascular treatment is 
strongly recommended to prevent rupture.

Strategies for endovascular treatment
Historical background
The first surgical clipping of an intracranial aneurysm was per-
formed by Dandy in 1937. With this operation, he set the direction 
for aneurysm surgery for the following 70 years.

The first report of endovascular treatment of intracranial aneu-
rysms was published in 1974, by Serbinenko [4], who described 
navigation of balloon‐tipped microcatheters in the intracranial ves-
sels, performing temporary and— by detachment of the balloon— 
permanent occlusion and subsequently the application of the same 
technique also for intracranial aneurysms. This was a sensational 
scientific communication, and the method was taken up within a 
short time by several highly skilled interventional neuroradiologists 
worldwide. During the following 17 years, balloon occlusion of the 
aneurysmal sac or the parent artery to redirect the flow from the 
aneurysm was the only endovascular therapeutic option for 
a neurysms unsuitable for clipping. However, the results were 
d isappointing, with high morbidity and mortality rates.

In 1991, a report describing a totally new concept was published 
by Guglielmi et al. [5], who introduced a detachable, soft platinum 
coil, Guglielmi Detachable Coil (GDC) into 15 experimental 
s accular aneurysms, created on the carotid artery in a swine model. 
The platinum coil was soldered to a stainless steel wire. Applying 
low positive direct current on the wire thrombosed the aneurysms, 
which was interpreted by the authors as happening due to the 
attraction of the negatively charged white and red blood cells, 
p latelets, and fibrinogen to the positively charged coil, which was 
subsequently detached by the electric current (electrolysis). Follow‐
up angiograms obtained 2–6 months post‐embolization confirmed 
permanent occlusion of the aneurysms as well as patency of the 
p arent artery in all cases. This experimental work is considered to 
be the starting point of modern endovascular treatment of intracranial 
aneurysms.

The first human experience with this new device, published by 
the same group from the UCLA [6], in the same issue of the same 
journal, described successful endovascular occlusion of 15 intracra-
nial, saccular aneurysms, 8 of them ruptured, all of them consid-
ered as having high risk for surgical clipping. Following this initial 
success, endovascular treatment of intracranial aneurysms with 
detachable coils soon became an important part of interventional 
neuroradiology, and after the publication of the results of the ISAT 
[1], it was considered as the first line treatment option for ruptured 
aneurysms.

During the following 24 years, many new devices and techniques 
were developed to improve the angiographic and clinical results of 
patients with intracranial aneurysms, treated by endovascular 

means. The most important was probably the remodeling tech-
nique, introduced by Moret et al. [7]. Utilizing this technique, aneu-
rysms with an unfavorable neck to dome ratio can also be treated 
with coils that are placed while a non‐detachable balloon is tempo-
rarily inflated in front of the neck of the aneurysm, to force the coil 
to remain in the sac. A new technique that has been developed in 
the late 1990s is stent‐assisted coiling, utilizing first balloon‐expand-
able coronary stents, later self‐expandable “neuro” stents that act as 
a scaffold to support the coils at the neck of the aneurysm.

The first self‐expandable, braided intracranial stent with a tight 
mesh, the Leo (Balt) was developed in 2002. Based on this technol-
ogy, the first flow diverter, the SILK (Balt) was introduced in 2007. 
The next step in the same direction was the introduction of intrasac-
cular flow diverters in 2010 (Luna, Nfocus Medical, Palo Alto, CA, 
USA and WEB, Sequent Medical, Aliso Viejo, CA, USA) utilizing 
similar technology. In 2013, a new neck‐bridging device, the 
PulseRider (Pulsar Vascular, San Jose, CA, USA) was introduced, 
for the treatment of wide neck aneurysms at a bifurcation. This is a 
self‐expanding nitinol implant, which acts as a scaffold, supporting 
the coils at the neck.

General considerations
Placement of foreign bodies, like catheters, guidewires, or any kind 
of embolic agent into a blood vessel will induce platelet aggregation 
on its surface, which can cause thromboembolic complications, 
which can have severe consequences in the cerebral vessels. To pre-
vent neurologic deficit, the use of drugs with anticoagulant effects, 
like heparin or platelet inhibitors, is mandatory in most interven-
tional neuroradiology procedures. On the other hand, ruptured 
aneurysms are prone to rebleed, which is why premedication with 
platelet inhibitors is contraindicated in the acute phase following 
the rupture. This means that some of the recently developed tools, 
like stents and flow diverters, should only be utilized if adequate 
treatment cannot be performed with other adjunctive devices or 
methods, such as surgery.

In the following section, the currently available devices are briefly 
introduced, highlighting the pros and cons of their use, followed by 
treatment strategies for ruptured and elective aneurysms. As a com-
prehensive description of all available tools and methods is beyond 
the scope of this chapter, focus is placed on the most frequently 
used devices, based on the author’s experience with endovascular 
treatment of >3000 cerebral aneurysms during the last 20 years.

Tools
To reach aneurysms located on the intracranial vessels, it is necessary 
to use guiding catheters, (sometimes also long sheaths), to support the 
navigation and placement of microcatheters steered by microguide-
wires. To occlude them, we need embolic agents, like detachable coils; 
adjunctive devices, like balloons, stents, and intraluminal or 
intrasaccular flow diverters.

Guiding catheters In the majority of cases, endovascular treatment 
of cerebral aneurysm can be performed with a microcatheter—and 
a balloon, if necessary—through an ordinary 6 Fr (1 Fr = 1/3 mm) 
100 cm long, multipurpose tip, guiding catheter, like the Envoy 
(Codman Neuro, Raynham, MA, USA) which can be navigated via 
a short femoral sheath, over a Terumo 0.035‐inch guidewire with 
hydrophilic coating (Terumo, Tokyo, Japan) into the ICA or verte-
bral artery, and its tip placed at the desired level (highest possible 
without provoking vasospasm or intimal lesion). The tip is soft 
enough to be placed up to the petrous portion of the ICA, while the 
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shaft is stiff enough to support the navigation of a microcatheter 
and a balloon with moderate tortuosity distal to the tip. In case of 
significant tortuosity, a 6 Fr, long femoral sheath—NeuronMax 
80/90 cm (Penumbra, Alameda, CA, USA), IVA 80 (Balt), 
Destination 90 cm (Terumo)—is placed over a 0.035‐inch, stiff 
exchange‐guidewire (Terumo) to the proximal ICA or vertebral 
artery, and a 6 Fr, 105–115 cm long, soft‐tip, guiding catheter—
Fargomax (Balt), Benchmark (Penumbra)—is navigated over the 
guidewire or the microcatheter/microguidewire up to the highest 
possible level the tortuosity permits, up to the cavernous portion of 
the ICA or to the intracranial portion of the vertebral artery, fol-
lowed by careful coaxial navigation of the long sheath to a higher 
position, if necessary, to get enough support for the microcatheter 
and the balloon, if chosen.

Microcatheters The majority of coils can be delivered through the 
0.010‐inch microcatheters, which actually have an inner diameter 
of 0.0165‐inch. These are 150 cm long, braided with hydrophilic 
coating to diminish the friction between the microcatheter and the 
microguidewire or coil. They have different degrees of suppleness, 
with a more rigid proximal and an extra soft distal portion, with 
radio‐opaque markers at the tip and 3 cm proximal to that, to match 
the detachment marker on the coil, in order to be able to safely 
detach the coils in the sac, even if the detachment point is obscured 
by the previously placed coils. The tip should be shaped under 
steam or hot air, according to the anatomy of that particular aneu-
rysm and the parent artery. Alternatively, pre‐shaped microcathe-
ters can be used. The author’s preferred microcatheter is the 
Excelsior SL 10 (Stryker, Kalamazoo, MI, USA) with straight tip, 
due to its shapeability, trackability over 0.014‐inch microguide-
wires, stability of the tip in the sac and the microcatheter in the 
parent artery, and support to the coil during the packing of the sac. 
All sizes of coils, manufactured by other companies too, can be 
delivered through this microcatheter, except one, recently intro-
duced, the Penumbra (Penumbra), which has a diameter that is 
double that of the other coils, thus a volume that is four times 
greater than the others of the same length, and consequently needs 
a larger microcatheter, the PX Slim (Penumbra), with an inner 
diameter of 0.025‐inch. Using this microcatheter and a remodeling 
balloon in the same guiding catheter requires a larger inner diame-
ter, which is why, in the author’s institution, it is usually performed 
through a NeuronMax (Penumbra), which has softer tip than the 
other long sheaths, which is why it can be placed higher. Flow 
diverters, some intracranial stents, and neck‐bridging devices also 
need larger microcatheters, in the range of 0.021–0.035‐inch, and 
consequently stronger support, which is why utilizing long sheaths 
is essential.

Microguidewires Most microcatheters used in the cerebral vessels 
can be navigated on 0.014‐inch microguidewires. These are 200 cm 
long. Their tip should be easily shapeable–and reshapeable—to 
facilitate the navigation and placement of the microcatheter into the 
aneurysm, and they should ideally retain this shape. Furthermore, 
the distal portion, especially the tip, should be very soft, so as not to 
rupture the wall of the aneurysm or the parent artery. One of the 
most valuable 0.014‐inch microguidewires is the Traxcess 
(Microvention, Tustin, CA, USA), which has a 40 cm long, 0.012‐
inch distal portion, with a 3 cm long radio‐opaque tip that is extra 
soft, and can help to detect the position of the tip of the microcath-
eter between the previously placed coils. Another great advantage 
of this microguidewire is that it can easily be extended at the 

proximal end, which is why exchange of microcatheters can easily 
be done leaving the tip in the same position.

Coils Since the introduction of the GDC in 1991, when only two 
groups of coils with different thickness from the same company 
were available, the market has been continuously growing, and 
nowadays there are a plethora of coils to choose from, produced by 
many companies. This does not mean that all endovascular therapists 
have to have detailed knowledge of, and experience with all of them. 
However, it is essential to know some basic properties.

All types of coils used in the endovascular treatment of cerebral 
aneurysms should be soft enough not to provoke rupture of the 
aneurysm while packing them, because they obviously have to 
touch the wall of the sac during treatment. To achieve that, they are 
made of platinum, a very soft metal, with a thin primary wire as the 
basic component which builds up a secondary wire that has two‐, or 
three‐dimensional memory shape, and different degrees of soft-
ness. They are chosen according to the size and the shape of the 
aneurysm. They are retrievable, thus can be repositioned in the sac, 
to fit its shape, and also replaced should the size be wrong. For small 
aneurysms, <3 mm, the softest available small sizes should be cho-
sen, while the larger ones can be packed with coils of successively 
incremental thickness, diameters, and lengths, according to the 
physician’s choice and experience. There are hundreds of different 
types of coils, with lengths from 1 to 70 cm, diameters from 1 to 
25 mm, and thicknesses of 0.010 to 0.020‐inch. Interestingly, a thick 
coil is not necessarily more rigid than a thin one, because of its com-
plex structure. Some coils have firm three‐dimensional memory 
shape, making them suitable to place in aneurysms with wide necks, 
even without adjunctive devices.

Use of remodeling balloons This has several advantages and practi-
cally no disadvantages, which is why its regular use, especially treat-
ing ruptured aneurysms, is beneficial for the patient. Aneurysms 
are vulnerable, especially the ruptured ones. Touching their wall 
with a microguidewire and/or a microcatheter or coil can provoke 
bleeding, which is why the procedure should be carried out very 
carefully. Should a rupture occur, inflating the balloon at the neck of 
the aneurysm can be life‐saving, because it can seal the sac, and give 
at least 5 minutes to reverse the effect of the heparin with IV prota-
mine sulfate—usually slow injection of 50 mg is sufficient—and 
quickly packing the aneurysm with coils, until the rupture site is 
occluded. The other advantage is that the inflated balloon can keep 
the tip of the microcatheter in the desired position, which can add 
to the safety of the procedure, especially when treating small aneu-
rysms, where the tip should be at the neck, or just outside of it, to 
avoid direct contact with the wall of the aneurysm. Furthermore, 
the balloon can help to achieve higher packing density, which is the 
most important factor to avoid recurrence [8].

The following balloons are the most frequently used: Hyperglide, 
Hyperform (Medtronic, Dublin, Ireland), Copernic, Eclipse (Balt, 
Montmorency, France), Transform (Stryker), Scepter (Microvention, 
Tustin, CA, USA). The first five have a single lumen, and their tips 
are sealed by the microguidewire when it is pushed through that, so 
that they can be inflated via a rotatory valve, with a mixture of con-
trast material— containing 300 mg iodine/mL—and saline, 2 : 1. In 
the Medtronic balloons, a 0.010‐inch microguidewire will fit, in the 
Balt balloons a 0.012‐inch, while in the Transform and Scepter a 
0.014‐inch, making navigation easier and the position of the bal-
loon more steady for working with the larger wires. Furthermore, 
the Scepter has a double lumen, making it unique, because having 
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reached the desired position, the microguidewire can be removed, 
and embolic tools like coils, small stents, and also fluid embolic 
agents or spasmolytic drugs can be delivered, while the balloon 
remains inflated. The same balloons can be used in the endovascu-
lar treatment of vasospasm, which is, next to rebleeding, the most 
devastating complication of SAH.

Stents All modern intracranial stents are self‐expandable. The 
main purpose of their use is to support coils treating wide necked 
aneurysms, but sometimes also to slowly dilate stenotic vessels. 
There are two major groups.
1 Laser‐cut stents, made of nitinol, with two different designs:

a Open‐cell: Neuroform EZ (Stryker), available in diameters of 2.5–
4.5 mm (in increments of 0.5 mm), and lengths of 10–30 mm; and

b Closed‐cell: Enterprise (Codman), available in diameter 
4.5 mm, which can be placed in vessels 2–4.5 mm diameter, 
and lengths of 14, 22, 28, and 37 mm.

The Neuroform needs a 0.027‐inch microcatheter while the 
Enterprise can be delivered through a 0.021‐inch, thus can reach 
more distal targets. Both have radio‐opaque markers at the ends, 
low metal surface coverage (MSC), high porosity, and low pore den-
sity, thus no significant flow diverting ‐effect, but have been able to 
assist in the treatment of wide necked aneurysms for >10 years, and 
still have a role in endovascular treatment of aneurysms that need 
double stenting.
2 Braided stents, woven of nitinol wires that are loosely connected 

to each other, which allows for optimal vessel wall apposition and 
easy passage of the microcatheter through the stent mesh. Four 
devices are available: the LVIS & LVIS Jr. (Microvention), which 
can be placed in vessels of 2.5–5.5 mm in diameter and lengths of 
14–34 mm, and the Leo + & Leo + Baby (Balt), which can be placed 
in vessels of 1.5–6.5 mm in diameter, and lengths of 8–80 mm. The 
Jr. and the Baby can be delivered through 0.0165‐inch microcath-
eters, while the larger ones need from 0.021 up to 0.028‐inch for 
the largest Leo. The LVIS has markers at the ends, while the Leo 
has two platinum filaments along the stent, for enhanced visibility 
on fluoroscopy. All have flared ends, for improved stability in the 
vessel. The Balt stents have a significant flow diverting effect, 
which, in the author’s experience, has c ontributed to excellent 
long‐term angiographic results in >100 cerebral aneurysms.

Flow diverters These are tightly woven devices, with high MSC, 
pore density, and low porosity. The aim is to achieve reduction and 
stagnation of the intra‐aneurysmal flow, which will promote throm-
bosis and aneurysm occlusion without the need for coils. They can 
be divided into two groups:
1 Intraluminal flow diverters, deployed in the parent artery. These 

are stent‐like devices, braided of wires of nitinol, (SILK, Balt; p64, 
Phenox, Bochum, Germany; FRED, Microvention); or cobalt‐
chromium (PED, Medtronic; Surpass, Stryker). They represent a 
paradigm shift in endovascular treatment of cerebral aneurysms, 
replacing coil embolization of aneurysms with endovascular 
repair, which is a fundamentally different approach. All of them 
are highly thrombogenic, which is why premedication with 
platelet inhibitors is mandatory. The SILK covers 1.5–5.8 mm 
diameter vessels, and can, up to 4.5 mm diameter be delivered 
through a 0.021‐inch microcatheter, while the two largest sizes 
need a 0.025‐inch microcatheter. The PED covers 2–5 mm 
d iameter, the FRED 3–5.5 mm diameter, the Surpass 2–5 mm 
diameter, with appropriate lengths, and all of these need a 0.027‐
inch microcatheter for delivery. Currently, all of them are 

p artially retrievable, and one, the p64, can be fully deployed and 
then detached at the discretion of the treating physician. The 
clinical experience with the SILK and PED is significant, with 
more than 10,000 patients treated with each, including long‐term 
follow‐up. The results are excellent, with a complication rate 
<5%. The author’s medium‐term experience with the FRED is 
excellent, with the p64 is good, and with the Surpass is limited.

2 Intrasaccular flow diverters are deployed into the aneurysm. 
These are spherical implants, braided of nitinol wires, and, due to 
the microbraid technique, have higher MSC and pore density 
than the intraluminal flow diverters, thus can induce rapid 
thrombosis of the aneurysm. As these devices are placed in the 
aneurysm, platelet inhibition is not mandatory, which is why 
they can be also used in ruptured aneurysms. Currently, only one 
of the initially introduced two devices is available, the Woven 
EndoBridge, WEB (Sequent Medical, Aliso Viejo, CA, USA). The 
original version was double layered, while the latest two versions 
are monolayered. The available devices are 4–11 mm in diameter, 
delivered through the VIA microcatheter, with an inner diameter 
of 0.021–0.033‐inch. The large size of the microcatheter is a 
d isadvantage of the system. Several initial clinical reports were 
promising, but a recently published paper [9] showed 36% resid-
ual aneurysms and 57% neck remnants at mid‐term follow‐up, 
which is why the long‐term efficacy and safety of the device 
needs to be further analyzed.

PulseRider Utilizing this new neck‐bridging device, wide necked— 
up to 10 mm—aneurysms can be treated with coils. It has an open 
cell frame, with significant less metal in the parent artery than 
d ouble stenting. It can be deployed through a 0.021‐inch micro-
catheter, followed by placement of a coil‐delivery microcatheter 
into the sac through its mesh at the neck, and coil occlusion of the sac. 
The author has treated 15 cases, and the initial results are promising, 
but the overall clinical experience with this device is still limited.

Treatment strategies
Ruptured aneurysm approach Occlusion of ruptured aneurysms 
has to happen quickly and safely. The goal of the treatment is to 
prevent rebleeding, which is the most feared complication in the 
acute phase. In the author’s institution, following the evaluation of 
the angiographic findings of a ruptured aneurysm, including the 
3DRA, a short neurovascular conference between a senior interven-
tional neuroradiologist and neurosurgeon, or a neurosurgeon on 
call is organized, to discuss the best treatment option for the patient. 
Based on the relevant information about the patient’s clinical status, 
and the analysis of the angiographic findings, the decision for surgi-
cal or endovascular treatment is taken in consensus. If endovascu-
lar treatment is chosen, the senior interventional neuroradiologist 
decides the strategy for the procedure, which must include the fol-
lowing steps:
1 Analysis of the access route, tortuosity, to assess whether high 

placement of a guiding catheter, possibly supported by a long 
sheath, is necessary to reach the target.

2 Further analysis of the angiography, to assess whether the remod-
eling technique is necessary or feasible to occlude the aneurysm 
safely. The optimal working projection should visualize the neck 
and its relation to the parent artery, allowing safe occlusion of the 
sac, without interfering with the flow in the parent artery. 
If biplane equipment is available, the other working projection 
should be perpendicular to the first, to fully exploit the advantage 
of this technology.
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Independently from the above decisions, a bolus dose of intrave-
nous (IV) heparin should be given at the start of the procedure, to 
protect the patient from thromboembolic complications. In the 
author’s praxis, 5000 International Unit (IU) is the average bolus 
dose, which can be higher or lower, depending on the patient’s body 
weight. Both the guiding catheter and the microcatheter should be 
flushed with isotonic NaCl solution, which is ideally heparinized. In 
the author’s experience, 5000 IU/L in all flushing fluids is usually 
enough to keep the activated clotting time (ACT) at the desired 
level: 250–300 seconds. The ACT should be measured 15–20 min-
utes after the bolus dose was given, and regularly once per hour 
during the whole procedure.

Aneurysms with reasonable dôme : neck ratio can be occluded 
with coils, without balloon remodeling, depending on the physi-
cian’s experience. Coil placement should be performed on a high 
quality road‐map. The first coil should have the largest possible 
diameter the sac can accommodate, to fill the peripheral portion 
of that, covering also the neck area. The following coils should be 
smaller and shorter, depending on the remaining space in the sac, 
which can readily be visualized with a short DSA if or when neces-
sary. All coils should be delivered carefully, but the first and the 
last are the most critical ones for the risk of peri‐procedural rup-
ture. Ruptured aneurysms should be fully occluded, to avoid 
rebleeding. However, it is better to accept a small neck remnant 
than to provoke bleeding or thromboembolic complications with 
aggressive packing. Following the finishing DSA in the working 
projection(s), a final angiogram in standard projections should be 
performed and compared with the initial one, to detect early signs 
of thromboembolic complications.

Elective aneurysm approach According to existing experience with 
the currently available tools described earlier, endovascular treat-
ment of elective aneurysms is feasible, safe, and the results are pre-
dictable. Utilizing flow diverters and braided stents, alone or in 
combination with coils, makes the procedure safer, because tight 
packing of the sac is no longer necessary, and has been made easier, 
knowing that these potent tools will facilitate endovascular repair 
after the completed treatment. Thromboembolic complications can 
be prevented by platelet inhibitors. However, rigorous routines 
regarding the measurement of the effect of these drugs must be 
established, because >25% of the p opulation is a non‐ or low 

responder to clopidogrel, which has to be addressed. On the other 
hand, utilizing these drugs is potentially dangerous for the patient, 
because a periprocedural rupture can cause life‐threatening bleed-
ing. For that reason, endovascular treatment of these aneurysms 
should only be performed by specialists properly trained in neuro-
interventional procedures, with significant experience to handle 
both expected and unforeseen complications. The risk : benefit 
ratio associated with the endovascular treatment of each patient 
with elective aneurysm has to be individually analyzed with the 
neurovascular team, followed by careful selection of the best treat-
ment option, based on the experience of the endovascular 
therapist.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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The concept of an acute aortic syndrome (AAS) summarizes condi-
tions with high risk of rupture, identification of patients with aortic 
pain, and expedites early implementation of definitive treatment. 
These conditions include acute aortic dissection, intramural hema-
toma (IMH), and penetrating aortic ulcer (PAU), with a common 
denominator of a disrupted media layer (Figure  71.1). Aortic 
 dissection has the highest incidence (62–88%) followed by IMH (10–
30%) and PAU (2–8%) [1–3]. AAS is also an important differential to 
be considered along with acute coronary syndrome (ACS), pulmo-
nary embolism (PE), and pneumothorax. AAS has a  relatively low 
annual incidence compared with acute coronary syndrome, but a high 
rate of mortality [4]. It is the most frequently fatal condition in the 
spectrum of patients presenting with chest pain [5]. Besides clinical 
symptoms contemporary imaging techniques have contributed to 
understanding of the evolution, natural history, and diagnosis of AAS.

Epidemiology
The estimated incidence of aortic dissection of 2.6–3.5 cases per 
100,000 persons per year [6] is likely to be underestimated as it is 
underreported because of death prior to hospital admission; 22% of 
thoracic aneurysm and dissection are diagnosed at autopsy [7] and 
frequently missed in vivo [8]. Approximately 65% of patients are male, 
with an average age of 65 years [9]. Systemic hypertension is most 
common and found in 72%; other risk factors include atherosclerosis, 
a history of prior cardiac surgery, known aortic aneurysm, and a 
 family history of AAS [3]. The epidemiology of aortic dissection is 
different in young patients (<40 years of age) frequently including 
Marfan’s syndrome and other connective tissue diseases. Recent data 
suggest an increasing incidence to 4.3 cases per 100,000 persons per 
year as a result of improved diagnostic testing. There is overlap within 
AAS, with PAU acting as an entry site for dissection, or IMH evolving 
to aortic dissection and increasing incidence with age [10].

Conditions in the context of AAS
Gender and age
Men are at higher risk for dissection with an age‐adjusted incidence 
of 5.2 per 100,000 per year and 2.2 per 100,000 per year in women 
[7]. Two‐thirds of dissection patients are males consistent in both 

Stanford type A and B [9–13]. The ratio is similar for IMH whereas 
the proportion of men with PAU appears to be slightly lower than 
women [14,15].

A sex‐based comparison suggests that women are older than men 
at the onset of aortic dissection (mean age 67 years for women and 
60 years for men) [12]. A greater proportion of women have delayed 
diagnosis and treatment, with 40% hospitalized more than 24 hours 
after dissection onset. Interestingly, clinical signs at onset seem to 
differ between men and women; altered consciousness and conges-
tive heart failure, as well as periaortic hematoma and pericardial or 
pleural effusions, are more common in women, whereas abrupt 
onset of pain, pulse deficits, and a widened mediastinum are more 
common in men [12]. The average age at onset of dissection type A 
and B is 61 years and 66 years, respectively [4,9,10,16]. However, it is 
important to keep in mind that AAS occurs at a much younger age 
in patients with connective tissue disorders than in sporadic cases.

Pregnancy
Pregnancy has been considered a risk factor for thoracic aortic 
 disease (TAD) while considered an artifact of “selective reporting” 
and “markedly overstated” [17]. Subsequently, data from the 
International Registry of Aortic Dissection (IRAD) showed a 
 substantial proportion of women develop TAD during the first four 
decades during or shortly after pregnancy [12,18]. Whereas 0.6% of 
women with TAD were pregnant when their dissection occurred, 
nearly 13% of TAD in women aged <40 years occurred peripartum. 
By striking contrast, the Swedish national birth registry from 1987 
to 2007 reported that 62% of female patients with TAD who were 
aged ≤40 years were pregnant [19]. The incidence of TAD among 
pregnant women under 40 years was 1.39 per 100,000 women per 
year, compared to 0.06 per 100,000 women per year under 40 who 
were not pregnant [19]. These estimates translated to a 23‐fold 
greater risk of TAD for pregnant women than for non‐pregnant 
women in this age group. However, this study did not account for 
the potential impact of other risk factors, such as Marfan’s  syndrome, 
and so this is inconclusive.

A recent expert consensus document recommended that women 
with Marfan’s syndrome and an aortic root diameter >4 cm carry a 
10% risk of TAD during pregnancy, versus a 1% risk of TAD or 
other major cardiac complications for women with Marfan’s 
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 syndrome and an aortic root diameter <4 cm; in women with aortic 
root diameters ≥4.5 cm, elective aortic root replacement before 
pregnancy lowers the risk of TAD in pregnancy [20]. In pregnant 
women who develop TAD, more than two‐thirds have type A TAD, 
and fewer than one‐third have type B TAD [21–23]. Of pregnancy‐
related cases of TAD, ≥60% occur prepartum, usually after 24 
weeks’ gestation, whereas ≤40% occur after delivery [23]. Aortic 
complications during pregnancy are associated with maternal 
 mortality of up to 11%, and the incidence of maternal death is 0.4 
per 100,000 women per year [19,22,24]. Fetal mortality tends to be 
around 33% [22].

Drug use
US centers have reported that 10% of TAD is related to cocaine use 
[25,26]. However, only five individuals in IRAD, equivalent to 
<0.5%, have used cocaine before dissection [26–28]. Eary mortality 
associated with cocaine‐related TAD is similar to non‐cocaine‐
related TAD, although late mortality appears to be higher in cocaine 
users [25–27]. Amphetamine use is also associated with an 3.3‐fold 
risk of TAD [29]; sildenafil could also be associated with TAD 
[30,31]. However, although a temporal relationship might exist, 
other risk factors such as hypertension, smoking, or bicuspid aortic 
valve could have caused both of these TAD cases.

Genetics and clinical manifestations 
of AAS
Congenital cardiovascular defects (bicuspid aortic valve, aortic 
coarctation, and annuloaortic ectasia), syndromic conditions 
(Marfan’s syndrome, Loeys–Dietz syndrome, Ehlers–Danlos 

 syndrome), non‐syndromic conditions (ACTA2), and genetic 
 variants such as single nucleotide polymorphisms have been linked 
to development of AAS and acute aortic dissection [32,33]. Marfan’s 
syndrome is an autosomal dominant connective tissue disorder 
caused by mutations in the fibrillin 1 (FBN1) gene. Loeys–Dietz 
syndrome is caused by mutations in the genes that encode the 
TGF‐β type 1 and 2 receptors (TGFBR1 and TGFBR2), which can 
lead to an increase in TGF‐β signaling. Both syndromes frequently 
present with acute aortic symptoms [34,35]. Differential expression 
of elastin assembly genes predispose to structural failure in aortic 
dissection; such changes were associated with diminished fibulin‐1 
and enhanced MMP‐9 levels [36]. Fibulin‐1 exhibits distinct 
 interactions with collagen IV which is down‐regulated in aortic 
 dissection (Table 71.1) [37].

The symptoms of an IMH and PAU are similar to classic aortic 
dissection (Table  71.2) and differentiation between these aortic 
conditions is difficult. The differential exclusion of cardiac and 
 pulmonary causes of chest pain by myocardial enzyme and d‐dimer 
blood tests, electrocardiogram (ECG), and imaging is essential; but 
20% of patients with AAS show non‐specific ST‐T segment changes 
[3], prompting urgent CT and transesophageal echocardiographic 
(TEE) imaging [38,39]. Pain is the most common presenting symp-
tom in 84%, independent of age, sex, or other associated clinical 
features [6,40]. Pain radiating to the neck, throat, and/or jaw indi-
cates the involvement of the ascending aorta, particularly when 
associated with the murmur of aortic regurgitation, pulse differen-
tials, or signs of tamponade; conversely, pain in the back or 
 abdomen indicates dissection of the descending aorta. Pericardial 
effusion occurs in 8%, syncope in 4%, and circulatory shock in 
3% [3,41–43].

Figure 71.1 Schematic illustration and tomographic imaging display of all constituents of acute aortic syndrome with full dissection, penetrat-
ing aortic ulcer, and intramural hematoma (from left to right).
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Diagnostic pathways
Non‐invasive imaging in emergency department ensures early 
diagnosis of even subtle forms of AAS; half of patients with clinical 
suspicion of AAS have normal findings on chest X‐ray, and only 

30% have a widened mediastinum. CT echocardiography and 
 magnetic resonance (MR) imaging all have excellent accuracy 
and  have become preferred diagnostic options (Table  71.2). The 
 hemodynamic instability and local expertise often determine the 

table 71.1 Human monogenic disorders in acute aortic dissection (see also http://www.ncbi.nlm.nih.gov/omim).

Site Gene Function Clinical manifestation

Ascending aorta FBN1

EFEMP2

Microfibrils, elastogenesis, TGF‐β bioavailability 
and SMC phenotype
Fibulin‐4, elastic fibres

Marfan’s syndrome (OMIM #154700)

Cutis laxa autosomal recessive IIA (OMIM #219200)

Thoracic aorta

Aorta and other 
arteries

Aorta

FBN1
TGFBR1/2, TGFB
MYH11

ACTA2
COL3A1

SLC2A10

SMAD3

Microfibrils, elastogenesis, TGF‐β bioavailability
Signaling domain of TGF‐β receptor
SMC contraction

SMC contraction
Type III collagen, altered ECM fibres

Decreased GLUT10 protein in TG‐ß pathway

Impaired TFG‐ß signal transmission

Marfan’s syndrome (OMIM #154700)
Loeys–Dietz syndrome (OMIM #609192)
Familial thoracic aortic aneurysm with patent 
ductus arteriosus (OMIM #132900)
Familial thoracic aortic aneurysm (OMIM #611788)
Ehlers–Danlos vascular type IV (OMIM #130050)

Arterial tortuosity syndrome

Syndromic form of aortic aneurysm and dissection

ECM, extracellular matrix. OMIM, Online Mendelian Inheritance in Man.
Gene symbols: ACTA2, actin alpha 2; COL3A1, collagen type III alpha; EFEMP2, EGF‐containing fibulin‐like extracellular matrix protein 2; FBN1, fibrillin 1; MYH11, 
myosin heavy chain 11 for SMC; PKD1/2, polycystic kidney disease 1 and 2; SLC2A10, solute carrier family 2 GLUT10; SMAD3, mothers against DPP homologs; 
TAAD, thoracoabdominal aortic dissection; TGFBR1/2, transforming growth factor beta receptors 1 and 2.

table 71.2 Clinical symptoms associated with acute aortic syndromes.

Acute syndrome arising from Presenting features other characteristics

Type A dissection Syncope
Tamponade
Severe chest pain

Aortic insufficiency
Collapse
Pulse differential
Myocardial ischemia
Neurological signs

Type B dissection Severe chest or back pain
Migrating pain
Distal pulse differential

High blood pressure
Renal insufficiency
Claudication
Distal malperfusion

Leaking thoracic aneurysm Diffuse pain in back or chest
Rapid deterioration of hemodynamics
Paleness
Exsanguination

Rapidly increasing diameter of TAA
Sudden death within 1 hour

Intramural hematoma Chest or back pain
Tamponade*

High blood pressure
Rarely any malperfusion

Penetrating ulcer Painless or low intensity pain
Pain located in back or abdomen

High blood pressure
Collapse with perforation

Traumatic dissection or rupture Deceleration trauma
Severe pain
Pulse differential
Syncope
Exsanguination
Tamponade*

Stable at low blood pressure
Rapid pulse prior to exsanguination

* Rare in proximal intramural hematoma.
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 primary modality with computed tomography (CT) in 62%; TEE 
in 32%, and MRI in 1%.

Computed tomography
The investigation of choice for the presence of AAS is CT scanning. 
Unenhanced scans should be included to provide information 
regarding the presence of IMH or any mediastinal bleeding [44]. 
A combined unenhanced and contrast‐enhanced CT has a sensitiv-
ity of 95% and specificity of 87–100% for detection of AAS [45]. 
Triple rule‐out CT protocols are being used to differentiate between 
different causes of chest pain such a AAS, ACS, and PE. Post‐acqui-
sition reformatting of images by multiplanar reconstruction and 
maximum intensity projection are useful to improve detection and 
characterization of AAS [46]. Disadvantages are nephrotoxic 
 contrast medium and exposure to ionizing radiation.

Surface echocardiography
The sensitivity and specificity for type A and B dissection is 
78–100% and 31–55%, respectively [47]. Moreover, tamponade, 
aortic regurgitation, and wall motion abnormalities are clearly 
identified. In contrast to both CT and MR technology, modern 
ultrasound equipment is mobile and TEE acquisition can be 
 performed at the bedside for unstable cases with sensitivity and 
specificity of 99% and 89%, respectively, and a negative predictive 
accuracy of 99% for AAS [45,48,49]. It does not provide any infor-
mation below the diaphragm and has limited views of the proximal 
arch because of interposition of the air‐filled trachea and main 
bronchus. While it detects valve regurgitation and pericardial 
 effusion, it is not suited for surveillance. During thoracic endovas-
cular aortic repair (TEVAR), TEE emerged as a powerful tool to 
quality control the TEVAR procedure [50–52]. Yet, intravascular 
ultrasound may emerge as a useful adjunct to guide endovascular 
procedures.

Magnetic resonance imaging
MR imaging is a highly accurate, non‐invasive imaging modality, 
with a sensitivity and specificity in the range of 95–88% and 
94–98%, respectively [53]. However, the MR environment is not 

compatible with life support and monitoring equipment required 
for critically ill patients. Thus, MRI is reserved for serial follow‐up 
studies in patients with an anticipated long surveillance. Contrast‐
enhanced MR imaging with intravenous gadolinium has emerged 
as a standard (Table 71.3) [54].

Serologic markers
Currently, there are no reliable biomarkers diagnostic of AAS, 
although a number of markers have been suggested: smooth mus-
cle proteins, soluble elastin fragments, fibrin degradation prod-
ucts, myosin heavy chain, and creatine kinase BB isoforms 
[36,39,55]. Elevated d‐dimers in the clinical context of suspected 
AAS should prompt urgent further investigation. S100A12 has also 
been recently proposed as a marker of thoracic aortic dissection 
[56]. Myocardial markers of ischemia should be requested to help 
in the differential diagnosis. Elevated C‐reactive protein (CRP) has 
been associated with adverse outcomes in patients with aortic dis-
section and IMH [57,58]. While a series of conceptually promising 
biomarkers are under study, only a few have been shown to be use-
ful (Table 71.4).

Initial medical management of 
aortic dissection
Initial management of AAS is directed at limiting propagation by 
control of blood pressure over time. Reduction in pulse pressure 
with a target systolic pressure of 100–120 mmHg and a heart rate of 
60–80 beats per minute to maintain sufficient end‐organ perfusion 
is a priority. Intravenous beta‐blockade is suggested as first‐line 
therapy, although often multiple agents are required, Appropriate 
triage and image sharing is important if transfer to a specialized 
aortic center is considered [59].

Acute aortic dissection
The proximal aorta has highest risk of dissection because of steepest 
fluctuations in pressure. The proximal entry tear can occur at any 
point although it is frequently found in the ascending aorta (an area 
of great hydraulic stress) or in the proximal segment of descending 

table 71.3 Comparative diagnostic utility of imaging techniques 
in aortic dissection.

tEE Ct MRi Aortography

Sensitivity ++ ++ +++ ++

Specificity +++ ++ +++ ++

Classification +++ ++ ++ +

Intimal flap +++ – ++ +

Aortic regurgitation +++ – ++ ++

Pericardial effusion +++ ++ ++ –

Branch vessel involvement + ++ ++ +++

Coronary artery involvement ++ + + +++

CT, computed tomography; MRI, magnetic resonance imaging; TEE, transesoph-
ageal echocardiography.

table 71.4 Biomarkers in aortic dissection.

Marker
Elevated 
for Sensitivity Specificity

in clinical 
use

d‐dimer hours –  
days

++ + +

Elevated 
CRP

hours –  
weeks

++ – +

SM myosin 
heavy chain

hours –  
day 2

+++ (+) –

Soluble 
elastin 
fragments

hours –  
days

++ (type A) (+) –

S 100 A 12 hours + (type I) (+) –

CRP, C‐reactive protein; SM, serologic marker.
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thoracic aorta. It is not uncommon to find one or more re‐entry tears 
allowing communication between the true and false lumen through-
out the descending thoracic aorta and abdominal aorta. Over time, 
the false lumen of the dissection can undergo expansion with aneu-
rysmal degeneration, which can eventually lead to aortic rupture.

Classification systems
Acute aortic dissection can be classified anatomically according to 
either the site of the intimal tear and extent of the dissection, or the 
part of the aorta affected (Figure 71.2). Dissections can also be classi-
fied temporally into acute and chronic phases; the acute phase with 

higher inherent mortality is defined as <14 days from the onset of 
symptoms and chronic beyond this period [60]. This classification 
system has recently been redesigned into four time domains: hypera-
cute (<24 hours); acute (2–7 days); subacute (8–30 days); and chronic 
(>30 days) (Figure 71.3) [61]. Additionally, dissections are typically 
classified as complicated or uncomplicated. Complicated dissections 
involve those with malperfusion, rupture or impending rupture, 
refractory hypertension, continued pain, expansion >1 cm/year, or an 
overall aortic diameter of >5.5 cm [62]. Approximately 30% of type B 
dissections are considered complicated at initial  presentation and are 
associated with an increased early risk of death [63]. Despite advances 
in non‐invasive diagnosis of aortic  dissection and in therapy, up to 
28‐55% of patients die without an in vivo diagnosis. The incidence of 
in‐hospital complications is higher with type A than type B dissection 
with a mortality of nearly 24% at day 1, 29% at day 2, 44% at day 7, and 
50% after 2 weeks [4]. Less than 10% of untreated patients with proxi-
mal aortic dissection live for 1 year, and almost all die within 10 years. 
Acute aortic dissection of the descending aorta is less frequently lethal. 
In the absence of  obvious complications, survival rates are 89% at 1 
month, 84% at 1 year, and 80% at 5 years [4,64].

Predictors of outcome
Among patients with type B aortic dissection, >60% of deaths are 
caused by rupture of the false lumen. Continued patency of the false 
lumen leads to aneurysmal dilatation while false lumen thrombosis 
is predictor of false lumen stability [65]. However, false lumen 
thrombosis has shown an inconsistent association with survival; 
partial thrombosis tends to predict post‐discharge mortality 
 compared with complete thrombosis or no thrombosis. It was 
 suggested that thrombus in the distal false lumen could impede 
 outflow, resulting in aneurysmal expansion and rupture [66,67]. 

DeBakey type I
Stanford type A

DeBakey type II
Stanford type A

DeBakey type III (b)
Stanford type B

Figure 71.2 Standard classification system of aortic dissection with 
focus on anatomic involvement and prognosis.
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Figure 71.3 The International Registry of Aortic Dissection (IRAD) classification system of aortic dissection with focus on the time domain. 
Survival in the early phase is lowest with open surgical management.
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Visceral branches which arise from the false lumen, re‐entry tears 
and a maximum diameter of the false lumen in the abdominal aorta 
are risk factors for incomplete thrombosis of the false lumen [68]. 
In addition, refractory pain or hypertension, and age ≥70 years 
were predictors of in‐hospital mortality (OR 3.3 and 5.1, respec-
tively) [69], while a large proximal entry tear identifies high risk 
patients [70]. Patient‐specific simulation tools are being developed 
to analyze hemodynamics in aortic dissection with focus on velocity, 
stroke volume, and helicity of blood flow by four‐dimensional 
phase contrast MR (4D PC‐MR) imaging (Figure 71.4) [71,72].

treatment of type A dissection
The mainstay of treatment in acute type A aortic dissection is open 
resection preventing lethal complications such as aortic rupture, 
stroke, visceral ischemia, cardiac tamponade, and circulatory 
 failure. During surgery the aorta is reconstructed with interposition 
of synthetic graft and reimplantation of the coronary arteries and 
restoration of aortic valve competence. Operative mortality for 
ascending aortic dissections varies widely between 10% and 35%, 
but clearly below the mortality of medical therapy [73]. Endovascular 

treatment for type A dissection has been reported in highly selected 
cases and remains under development [74–76].

treatment of type B dissection
Recent data suggest significant differences with respect to in‐hospital 
death stratified by type of treatment for patients with acute type B 
aortic dissection. IRAD reported an in‐hospital mortality of 32% 
for those treated with surgery, and 10% for patients managed with 
medical therapy alone [4]. With 90% of patients surviving to hospi-
tal discharge, medical management constitutes the current standard 
of care for stable, clinically silent patients [77]. Conversely, open 
surgical replacement of dissected aorta has recently been  abandoned 
because of the risk of left posterolateral thoracotomy in conjunction 
with single‐lung ventilation, full heparinization, cardiopulmonary 
bypass, profound hypothermia, cerebrospinal fluid drainage, and 
circulatory arrest [78,79]. Data from IRAD, however, suggest a sig-
nificant mortality rate for complicated type B dissection over the 
last 5 years, and an in‐hospital mortality of 17% with open surgery 
[4], or even higher in presence of renal or  mesenteric ischemia at 
50–88%, respectively [80,81].

Figure 71.4 Functional imaging in aortic dissection; the upper row shows a two‐dimensional magnetic resonance (MR) image after injection of 
gadolinium (left) with compromised true lumen and an expanded false lumen with partial thrombosis in the setting of chronic type B aortic 
dissection; the corresponding four‐dimensional MR image identifies areas of highest flow turbulence and pulse pressure (right). The lower row 
reveals on transactional positron emission tomography (PET) image enhanced local 18FDG‐uptake in areas of inflammation and impending 
rupture (left) that can be stabilized by thoracic endovascular aortic repair (TEVAR) and induced remodeling of the dissected aorta.
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Endovascular management
The feasibility of TEVAR for aortic dissection has been established 
since 1999 as an alternative to high‐risk open surgical treatment in 
patients with complicated type B aortic dissection. A recent report 
using Medicare data suggests that 25% of type B dissection repairs 
are now treated endovascularly, with lower mortality and morbidity 
rates compared with open repair [82]. A meta‐analysis revealed an 
in‐hospital mortality of 9%, stroke in 3.1%, paraplegia in 1.9%, 
 conversion to type A dissection in 2%, bowel infarction in 0.9%, 
and major amputation in 0.2% [83].

The INSTEAD and ADSORB trials were designed to investigate 
the role of TEVAR in uncomplicated type B aortic dissection; 5‐year 
results of INSTEAD‐XL trial showed a reduction in aortic‐related 
death and disease progression with endovascular repair and 
 optimum medical therapy compared with optimum medical therapy 
alone [84], while ADSORB demonstrated better aortic remodeling 
in the TEVAR group. If further remodeling of the aorta is required 
a bare metal stent can help, known as the PETTICOAT concept 
(Figure 71.5) [85]. Patients treated in the acute setting are prone to 
aortic growth, particularly of the abdominal aorta [86,87].

Intramural hematoma
IMH is identified as a contained intramural hemorrhage in absence 
of a detectable intimal tear (Figure 71.1) [45]. IMH also occurs as a 
result of blunt trauma [88]. Complications of IMH are common, 
with progression to complete dissection in 28–47%, and aneurysm 
or rupture in 20–45% of patients [88,89]. IMH of the ascending 
aorta is often complicated by pericardial effusion, pleural effusion, 
and aortic insufficiency and needs surgical repair. Patients with 
IMH tend to be older and there is a higher incidence in male 
patients [45]. Similar to Stanford, type A IMH involves the ascend-
ing aorta and Stanford B IMH does not involve the ascending aorta 

[3,90]. There is controversy regarding the natural history of IMH in 
North America and Europe compared with Japan and Korea. 
The  incidence of IMH from Western centers was 6% (58/1010), 
 versus an incidence in Eastern series of 28.3% and 29% [45,91,92]. 
While in Western populations IMH is similar to dissection, oriental 
patients seem to be more stable [93,94]. In a recent Japanese series, 
early and late progression was 30% and 10%, respectively [91]; in a 
Korean registry ≥80% of patients were treated medically [3] and 
survived [95,96].

treatment
Western centers reported early mortality with surgery of 8% versus 
55% with medical treatment and recommend open repair in proxi-
mal IMH [44,97–99]. Conversely, type A patients from Asia 
showed no difference in early mortality between surgical (10.1%) 
and medical strategies (14.4%) [100]. Other Asian studies have 
found high rates of progression in patients treated medically, with 
a mortality rate of 32%, prompting these authors to recommend 
surgical resection for these patients [101]. Immediate surgery 
resulted in a 14.3% mortality, whereas mortality was 7.1% in those 
undergoing delayed  surgery; in those awaiting surgery, 33% of type 
A IMHs converted to aortic dissection (none within the first 
72 hours) [102].

Predictors of disease progression
Development of ulcer‐like projections during follow‐up of IMH has 
been reported to be a predictor of poor prognosis [103,104]. These 
lesions can progress to both localized dissection and aneurysmal 
dilatation, with complications occurring more commonly in 
 proximal than in distal IMH. Other predictors of disease progres-
sion in IMH include age >70 years, cardiac tamponade, maximum 
hematoma thickness of ≥10 mm, and an aortic diameter ≥50 mm 
for type A [91,103].

(a)

(b) (c) (d) (e)

Figure 71.5 Angiographic documentation of distal malperfusion before (a) and after TEVAR (b) of the proximal descending thoracic aorta in 
complicated type B dissection; three‐dimensional CT reconstruction of the same dissection before (c) and after PETTICOAT TEVAR (d) to prevent 
an evolution to irreversible changes and false lumen expansion in the chronic state of 3 years post‐dissection (e).
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penetrating aortic ulcer
PAU is a painful ulceration in the aortic wall caused by rupture of 
the intima allowing blood through the internal elastic lamina, with 
pseudoaneurysm formation over time or rupture [89]. Patients are 
at risk of rupture, even at a normal aortic diameter. PAU has the 
highest incidence of rupture of all constituents of AAS with rates of 
up to 42% [105], and occurs in older men with lesions of 4–30 mm 
in depth and 2–25 mm in diameter [106]. PAU occurs more 
 frequently in the descending, but rarely in the ascending aorta 
[107,108]. The typical patient is elderly, hypertensive, with a history 
of tobacco abuse, presenting with chest or back pain, but no signs of 
aortic regurgitation or malperfusion; asymptomatic patients can 
also be found and 27.8% of cases were associated with a saccular 
aneurysm, while 14% were associated with IMH [109].

Predictors of disease progression
Recurrent or refractory pain is considered to be one of the most 
important clinical symptoms in determining the appropriateness of 
intervention. Predictors of progression include sustained or recur-
rent pain (p <0.0001), increasing pleural effusion (p = 0.0003), and 
both the diameter (p = 0.004) and depth (p = 0.003). PAU involving 
the ascending aorta is considered to be associated with a high risk 
of rupture and requires emergency or urgent intervention. 
Computational fluid‐structure analysis may demonstrate structural 
fragility of the PAU wall [110].

treatment
Urgent surgical repair is recommended for type A lesions although 
the majority of patients with PAU may not be suitable for conven-
tional surgery. Type B PAU represents an ideal target for TEVAR 
due to segmental and well‐localized wall pathology, particularly in 
a patient population with multiple comorbidities [106,111].

Outlook and conclusions
Survival of patients with AAS is 81% at 1 year and 63% at 5 years 
[112]. Medical therapy including beta‐blockers is needed to mini-
mize aortic wall stress in all patients, and serial imaging to detect 
signs of progression should be performed annually. Each case 
should be referred and discussed at a multidisciplinary meeting to 
consider patient age, general life expectancy, and fitness for either 
open surgery or TEVAR. After TEVAR, secondary aortic interven-
tions are common and should prompt long‐term surveillance [113]. 
Grouping various aortic conditions into the entity of AAS offers a 
structured early identification of patients at risk [114–116]. 
Nonetheless, optimal management of patients with AAS remains 
challenging. The advent of minimally invasive endovascular tech-
niques has shifted the treatment paradigm with treatment no longer 
limited to open surgery or best medical therapy alone. The current 
challenge is to determine the patient population best suited for 
active (open or endovascular) treatment rather than just best medi-
cal therapy to ensure individualized optimal care.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Thoracic aortic aneurysms and their complications have been 
noted since antiquity [1–3] with Paré in 1572 speculating on a 
direct link with syphilis [2]. The principle of proximal ligation of 
aneurysms was originally described by Anel in 1710 [4] and surgi-
cal replacement of descending thoracic aortic aneurysms using an 
aortic homograft  was reported by Lam and Aram in 1951 with the 
patient expiring three months later [5]. In 1953, Bahnson presented 
his series of repairs by lateral resection and aortorrhaphy [6] and 
later the same year DeBakey and Cooley described the first success-
ful replacement of a descending thoracic aortic aneurysm using a 
prosthetic graft [7]. In 1951, Cooley performed what appeared to be 
the first open repair of an aortic arch aneurysm by cross‐clamping 
and oversewing [8].

Today, open thoracic aortic aneurysm (TAA) repair while highly 
studied and optimized [11] still remains a more morbid repair than 
its open abdominal counterpart. Open repair of TAAs has been 
associated with significant morbidity and mortality according to 
Stevens and Farber [9], who  reviewed 1600 patients undergoing 
elective open repair for descending TAAs with mean 30‐day mor-
tality of 9.2% and a range of 4.4–31%. The National Inpatient 
Sample Administrative Database reports an operative mortality of 
10% for all descending TAAs [10]. From Baylor, a high volume 
center, a series reports 387 patients undergoing repair of TAAs with 
a paraplegia rate of 2.6%, stroke rate of 1.8%, renal failure 7.5%, and 
mortality 4.4% [11].

Dake performed the first thoracic endovascular aortic aneurysm 
repair (TEVAR) in 1994 [12]. TEVAR has revolutionized the treat-
ment of this highly morbid condition into a durable and minimally 
invasive treatment. The Food and Drug Administration (FDA) 
approved the first commercially available stent graft for thoracic 
aortic aneurysms in 2005, the W.L. Gore TAG endograft (Flagstaff, 
AZ, USA), and in 2008 both the Cook Zenith TX2 (Bloomington, 
IN, USA) [13] and Medtronic Talent (Santa Rosa, CA, USA) became 
commercially available. Currently, there are four thoracic grafts 
commercially available in the USA: W.L. Gore C‐TAG (Flagstaff, 
AZ, USA); Medtronic Valiant (Santa Rosa, CA, USA); Cook TX2 
(Bloomington, IN, USA); and Bolton Relay (Sunrise, FL, USA).

TEVAR remains a preferred technique because of its minimally 
invasive approach, ease of application and deployment, shorter 
operating times, reduced blood loss, and decreased morbidity and 
mortality, and length of stay. Devices have continued to evolve since 

the introduction of smaller access sheaths, hydrophilic coatings, and 
smaller delivery and deployment systems. TEVAR is a safe and effec-
tive therapy for different aortic pathologies leading to promising 
long‐term results, with patients with acute type B aortic dissections, 
aneurysms, and traumatic ruptures seeming to benefit the most [14].

Demographics
Among all aortic aneurysms, 60% are located in the abdominal 
aorta and 20% in the thoracic or thoracoabdominal aorta. Of those 
20%, 40% are confined to the ascending aorta, 15% to the arch, 35% 
to the upper thoracic, and 10% to the lower distal thoracic aorta [15].

TAAs have an incidence of 6 per 100,000 patient‐years with a 
rupture risk of 3.5–5 per 100,000 patient‐years with an overall 
5‐year rupture risk of 20% [16]. The natural history of TAAs is pro-
gressive expansion leading to rupture, which is usually fatal. 
Aneurysm growth is strongly related to maximal diameter and this 
increases exponentially with aneurysm size [16–18]. Risk of rupture 
is seven times higher in women than men and is directly related to 
diameter >6 cm [19]. Thoracoabdominal aortic aneurysms, on the 
other hand, have an 80% 1‐year risk of rupture when ≥8 cm [20].

Etiology
The majority of TAAs are the result of medial degeneration within 
the wall of the aorta. Medial degeneration or previously cystic 
medial necrosis is a complex combination of hemodynamic forces, 
genetic factors, and matrix metalloproteinases (MMPs). The end 
product is breakdown of extracellular matrix and smooth muscle 
within the aortic wall. While the majority of TAAs are secondary to 
medial degeneration, 20–50% are believed to have arisen from an 
area of previous aortic dissection [15–18].

TAAs and thoracic aortic dissections are classified as syndromic, 
familial, or sporadic. Syndromic consist of less than 5% and arise 
from a collection of clinical manifestations of Marfan’s, Ehler–
Danlos type IV, or Loeys–Dietz syndromes. Endografting is generally 
not recommended in this group due to continued aortic dilation.

Marfan’s syndrome (MFS) is a connective tissue disorder with an 
autosomal dominant inheritance pattern with an incidence of 1 in 
10,000 individuals. MFS displays varying physical traits including 
dolichostenomelia, arachnodactyly, ectopia lentis, and thoracic 
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 aortic aneurysm and dissection. The defect is in the fibrillin (FBN1) 
gene [21,22].

Loeys–Dietz syndrome (LDS) manifests in very young patients 
with bifid uvula or cleft palate, hypertelorism, craniosynostosis, and 
as aneurysms or dissections in abdominal or thoracic aorta with 
missense mutations in transforming growth factor B1 and B2 recep-
tors and in TGFBR2 or TGFBR1 genes [23].

Ehler–Danlos IV (EDS) manifests as tissue fragility of skin and 
joints, internal organs, and blood vessels with type IV as rupture or 
dissection in medium‐sized vessels of chest and abdomen as 
opposed to the aorta, which is in contradistinction to MFS. Its 
 incidence is 1 in 50,000 individuals with a mutation in the COL3A1 
gene, which encodes for type III collagen.

Familial TAAs comprise roughly 15–20% and roughly 80% are 
sporadic in etiology and about 15–20% have a first degree relative 
with a TAA [17]. These cluster in families but do not have an asso-
ciation with a connective tissue disorder like MFS, EDS, or LDS. 
The Familial TAAs are inherited as an autosomal dominant disor-
der and patients generally present at a younger age than with the 
 sporadic form and have an association with a bicuspid aortic valve 
or patent ductus arteriosus. Primary genes associated with this are 
ACTA2, TGFBR2, and MYH11.

Indications
Surgical intervention is advised in the presence of symptoms, rapid 
dilatation, and compression of adjacent thoracic or abdominal 
structures, rupture, and diameter ranging 5–7 cm depending on 
age, associated risks, and medical comorbidities.

Open repair of TAA and thoracoabdominal aortic aneurysm 
(TAAA) confers significant morbidity and measureable mortality, 
potential blood loss, and physiologic stresses to heart and lungs. 
TEVAR offers less potential blood loss, preservation of forward blood 
flow, avoidance or aortic cross‐clamping and cardiac stress; and avoid-
ance of potential morbidity as related to thoracotomy and laparotomy. 
Advances in stent graft technology and newer generation devices, 
debranching techniques to extend landing zones, and percutaneous 
access have increased potential cases suitable for TEVAR to 70–80%. 
Anesthesia can performed under local, regional, or general anesthetic. 
Cardiac stability is improved and spinal chord ischemia, length of stay, 
and duration of postoperative recovery all are diminished.

Diagnostic imaging
Duplex ultrasound
Duplex ultrasound is not routinely useful because of air in the 
 thoracic cavity generating poor image quality. However, it is impor-
tant in assessing size and quality of access vessels, such as iliac, 
femoral, carotid, and left subclavian arteries.

Computed tomography
Computed tomography remains the gold standard for preoperative 
imaging. Post‐imaging processing using specific vascular protocols 
allows three‐dimensional rendering and simulations or angiogra-
phy for accurate measurements in graft sizing useful for case 
 planning. Utilizing large numbers of axial slices and combination 
with multiplanar reconstructions can provide computed tomo-
graphic angiography. Extent and nature of aortic disease and iliac 
disease, location and size diameters, and quality can be obtained 
and measured for stent graft repair. CT scan can delineate calcifica-
tions, intramural thrombus, access vessel sizing, and architecture. 
Potential disadvantages for CT include contrast load and radiation 
exposure.

Angiography
Conventional diagnostic angiography has been largely replaced by 
CT angiography but may be appropriate for the measurement of 
questionable landing zones and assessment of potential side branches. 
Three‐dimensional angiography is also helpful as rotational angiog-
raphy on newer fixed mounted units. Angiography has the disadvan-
tage of being invasive and requiring intra‐arterial contrast.

Magnetic resonance
MR angiography is performed with intravenously injected para-
magnetic contrast (i.e., gadolinium) or has the advantage of being 
performed without contrast in some scanners. High performance 
systems can chase a single contrast bolus throughout the body for 
MRA but generally requires a long period of time (e.g., 45 minutes) 
for image acquisition. MRA may not be possible in some patients 
because of the extended period of time needed and images are 
affected by motion artifact.

Transesophogeal echocardiography
Transesophogeal echocardiography can provide short and long‐
axis images of the descending thoracic aorta to the level of the 
stomach to assess aortic atherosclerosis. It can be helpful espe-
cially in dissections for locating intimal re‐entry tears in the 
 dissected TAA. Benefits include lack of contrast load; quality of 
imaging is operator dependent and is not readily available in some 
centers.

Anatomic requirements
Thoracic stent grafts were originally designed as modified designs 
of abdominal endografts. Thoracic pathology requires significant 
constraints and challenges including the requirement to conform to 
the curve of the aortic arch to gain accurate and secure fixation. 
These requirements have led to significant challenges including 
 tortuous  aortas, limited proximal and distal landing zones, and 
pathologies.

Successful anatomic requirements for successful TEVAR include 
proximal landing zone diameter needing to be <40 mm; adequate 
proximal landing zone length of 20 mm on the lesser curve of the 
aortic arch; at least 15 mm of normal aorta required for distal land-
ing zone; landing zone cannot potentially have an acutely angled 
arch and cannot form a tight circumferential seal. The proximal 
stent graft can cover the left subclavian artery with arm ischemia 
reported to be quite low [24]. The role of subclavian artery transpo-
sition or common carotid to subclavian bypass is controversial with 
some evidence of spinal chord ischemia and posterior circulation 
compromise being higher in patients who do not undergo prior 
revascularization [25]. Tortuosity of the descending thoracic aorta 
can cause difficulties with endograft placement and fixation 
although newer generation devices have improved tracking and 
flexibility and less kinking possibilities [26]. If distally more land-
ing zone is required it may necessitate taking the TEVAR graft to 
the abdominal aorta and potentially cover or snorkel some of the 
larger visceral vessels (i.e., celiac, superior mesenteric artery, and/
or renals) or perform surgical debranching. There are reports of 
covering the celiac artery to increase distal landing zones; however, 
this must be carried out in the setting of adequate superior mesen-
teric artery perfusion [27]. Access vessels remain an important 
consideration as calcified and tortuous iliac arteries can be a con-
traindication with a minimum iliac diameter of 7 mm being the 
necessary to accommodate most commercially available devices 
(Box 72.1).
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Evidence to support TEVAR
TEVAR has been used successfully in all aortic pathologies, both 
emergent and elective including aortic transection, aneurysmal 
 disease, and dissection.

The European Collaborators on Stent/Graft Techniques for 
Aortic Aneurysm (EUROSTAR) and UK Thoracic Registries 
reported a multicenter series of 443 patients undergoing TEVAR 
for  degenerative aneurysm, dissection, false aneurysm, and trau-
matic injuries [28]. Technical success was 87%. Left subclavian 
artery coverage occurred in 17% with 50% undergoing revasculari-
zation. Thirty‐day mortality was 10% in TAA group (5.7% for elec-
tive and 27.9% for emergent procedures). Cumulative survival was 
80% with a 1% late rupture rate.

In a study by Bavaria et al. [29], the randomized trial that led to 
the approval of the Gore TAG device showed that with good 
 anatomy TEVAR can be performed with lower mortality than open 

 surgery (2.1% vs. 11.7%); less spinal chord ischemia (3% vs. 14%); 
less renal failure (1% vs. 13%); and less respiratory insufficiency 
(4% vs. 20%). However, access‐related complications were more 
common in the TEVAR group.

The INSTEAD XL trial (INvestigation of STEnt grafts in patients 
with type B aortic dissection), a randomized clinical trial completed 
in Europe, in uncomplicated type B aortic dissections, initially at 
1 year did not show a mortality benefit to TEVAR [30]. Their 5‐year 
follow‐up showed an aorta‐specific survival benefit in patients 
treated with TEVAR versus medical therapy of 6.9% versus 19.3%, 
respectively in risk of aorta‐specific mortality, as well as less pro-
gression of disease of 27.0% versus 46.1%, respectively [30].

In a complicated aortic dissection trial (branch vessel malper-
fusion, impending rupture, aortic diameter ≥40 mm, rapid  aortic 
expansion, and persistent pain or hypertension despite maxi-
mum medical therapy) using Cook proximal TX2 thoracic stent 
grafts and distal bare metal dissection stents (Zenith Dissection 
Endovascular System; Cook Medical, Bloomington, IN, USA), 
10 centers enrolled 40 patients in acute, subacute, and chronic 
aortic dissections. The overall mean time from symptom onset 
to treatment was 20 days (range 0–78 days). Seven combinations 
of stent grafts and dissection stents were used, and all devices 
were successfully deployed and patent. The 30‐day mortality 
rate was 5% (2 of 40) with two deaths occurring after 30 days, 
leading to a 1‐year  survival rate of 90%. Thirty‐day morbidity 
included stroke in 7.5%; transient ischemic attack in 2.5%; para-
plegia in 2.5%;  retrograde  dissection in 5%; and renal failure in 
12.5%. Four patients (10%) underwent secondary interventions 
within 1 year. Favorable aortic remodeling was observed dur-
ing the course of follow‐up, indicated by an increase in the 

Box 72.1 Indications for operation

• Penetrating aortic ulcer
• Rapid dilatation
• Compression
• Rupture
• Dissection
• Blunt thoracic trauma
• Twice size of distal aortic arch
• Size 5–7 cm

Source: Adapted from Howard A. Loftus I. Thoracic aneurysms (endovascular 
repair). In Thompson M. Endovascular Intervention for Vascular Disease. New 
York, NY: CRC Press: 2008; 221–233.

Case study

A 73‐year‐old male presented to an outside hospital with acute 
sudden back and chest pain. He had a history of coronary artery 
 disease with prior placed stents and hypertension. Chest CT 
angiogram revealed a focal penetrating ulcer at distal transverse 

aortic arch with aneurysmal dilatation at the aortopulmonary 
window and intramural aortic hematoma extending into the 
arch and descending thoracic aorta (Figure 72.1). He was started 
on beta‐blocker therapy with control of his blood pressure; 

(a) (b)

Figure 72.1 (a) Preoperative CT scan showing aneurysmal dilatation (arrow) with intra aortic hematoma. (b) Three‐dimensional 
rendering of thoracic arch showing intramural hematoma at aortopulmonary window (arrow).
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true lumen size and a decrease in the false lumen size along the 
dissected aorta, with completely thrombosed thoracic false 
lumen observed in 31% of patients at 12 months as compared to 
0% at baseline [31].

In an aortic transection meta‐analysis, Tang et al. [32] reviewed 
370 patients treated with TEVAR and 329 patients managed with 
open surgery. Technical success rates were similar between 
groups; however, mortality was significantly lower in the TEVAR 
group (7.6% vs. 15.2%) as were rates of paraplegia (0% vs. 5.6%) 
and stroke (0.85% vs. 5.3%). The most common procedure‐
related complications for each technique were iliac artery injury 
during TEVAR and recurrent laryngeal nerve injury after open 
surgery. Their study showed a significant reduction in mortality, 
paraplegia, and stroke rates in patients who undergo TEVAR ver-
sus open repair.

Conclusions
In closing, TEVAR can be performed safely and effectively in 
appropriate patients. Attention to access vessel size and quality 
and appropriate proximal and distal landing zones in the thoracic 
aorta are paramount to successful long‐term outcomes. Strong 
reliance on preoperative high-quality CT scan will help aid in 
diagnostic workup and appropriate case planning.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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The first open repair of an abdominal aortic aneurysm (AAA) was 
performed by Charles Dubost in 1951 at the Hôpital Broussais in 
Paris using a cadaveric arterial graft, a technique later brought to 
the USA by Cooley and DeBakey [1,2]. Another major advance-
ment occurred in 1978 when Cooley developed a double‐velour 
Dacron graft that quickly became the standard graft for open AAA 
repair [3]. Despite decades of experience with open aneurysm 
repair that continue to this day, open surgical repair has meant 
longer recovery times, even with decreased perioperative mortality 
rates that have fallen to between 1% and 7% [4,5].

In 1991, Parodi’s placement of a balloon‐expandable stent graft 
delivered endovascularly under fluoroscopy to treat AAA ushered 
in a new era in vascular surgery [6]. This technology was 
soon adopted worldwide and the first two endovascular devices, 
Guidant’s Ancure and Medtronic’s AneuRx, gained regulatory 
approval from the US Food and Drug Administration (FDA) in 
1999 [7]. By 2006, endovascular aneurysm repair (EVAR) overtook 
open repair as the most common elective treatment for AAA [8]. At 
the time of this publication, there are currently six FDA‐approved 
abdominal aortic stent grafts commercially available in the USA: 
Cook Zenith (Bloomington, IN, USA); Endologix AFX (Irvine, CA, 
USA); Gore Excluder (Flagstaff, AZ, USA); Lombard Aorfix (Irvine, 
CA, USA); Medtronic Endurant (Santa Rosa, CA, USA); and the 
Trivascular Ovation (Santa Rosa, CA, USA).

Since its initial use over two decades ago, the prevalence of EVAR 
to treat AAA has been increasing steadily, validated by a number of 
randomized controlled studies showing decreased perioperative 
mortality and non‐inferior long‐term mortality versus traditional 
open surgery in addition to obvious benefits including decreased 
length of stay [9–11]. Smaller delivery sizes and access sheaths have 
evolved in EVARs now being able to be performed entirely percuta-
neously (PEVAR), expanding the scope of interventionalists who 
can perform the procedure.

Demographics
AAAs are responsible for approximately 13,000 deaths annually in 
the USA and are the fifteenth leading cause of death overall and the 
tenth leading cause of death in men above the age of 55 [12,13]. 
AAA primarily affects adults over the age of 50 (and increases with 
increasing age), with men affected 2–6 times more frequently than 

women and 5 times more commonly in patients with a smoking 
history. Other risk factors for AAA include Caucasian race, a 
 family history of AAA, the presence of other large aneurysms, and 
atherosclerosis [14,15]. The incidence of AAA is 3.5–6.5 per 1000 
person‐years in males with a reported incidence of rupture of 
1–21 per 100,000 person‐years [16–18]. Aneurysm rupture carries 
a particularly poor prognosis, with an overall mortality of 78%, 
with the majority of those deaths occurring before the patient 
 presents to a medical center. Incidence of rupture increases 
exponentially with increasing aneurysm diameter, with an esti-
mated rupture risk of approximately 30–50% per year for those 
aneurysms >8 cm. Among all aortic aneurysms, 60% are distrib-
uted in the abdominal aorta with the vast majority involving the 
infrarenal aorta and only 5–15% involving the aorta above the 
renal arteries [19].

Etiology
AAAs are typically the result of chronic loss of vascular structural 
proteins and subsequent decrease in aortic wall strength [20]. While 
atherosclerosis is a risk factor for AAA, atherosclerosis alone does 
not cause AAA. Atherosclerosis is limited to changes in the inner 
layers of the aorta whereas AAA is transmural involving loss of elas-
tin and smooth muscle and abnormal collagen remodeling. 
Circulating markers of inflammation including C‐reactive protein 
(CRP) and interleukins (especially interleukin‐6) are both associ-
ated with aneurysm formation. This chronic inflammation is 
thought to degrade elastin and collagen in the aortic wall through 
the work of proteases, including plasmin, matrix metalloprotein-
ases (MMPs), and cathepsins S and K from endothelial and smooth 
muscle cells and inflammatory cells in the media and adventitia.

Connective tissue disorders, including Marfan’s syndrome, 
Loeys–Dietz syndrome, and Ehler–Danlos type IV have all been 
implicated in AAA formation. Inflammatory aneurysms, which 
comprise approximately 5% of all AAAs, are a distinct entity involv-
ing notable aortic wall thickening with increased vascularity and 
elevated erythrocyte sedimentation levels [21].

The natural history of AAA typically involves an increase in 
AAA diameter of approximately 0.3 cm/year, with larger aneurysms 
tending to grow faster than smaller ones, and active smoking 
increasing aneurysm growth as well as risk of rupture [22].

Endovascular Aortic Aneurysm Repair
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Indications
EVAR is indicated as treatment for symptomatic AAA (e.g., limb 
ischemia, thromboembolic events, abdominal, back or flank pain), 
inflammatory AAA (characterized by chronic abdominal pain, 
weight loss, and elevated erythrocyte sedimentation rate), or rup-
tured AAA. EVAR is also indicated as prophylactic treatment to 
prevent aneurysm rupture in the case of rapidly expanding AAA 
(generally described as aneurysm growth >0.5 cm in 6 months or >1 cm 
in 1 year), or for AAA greater than 5.5 cm in maximum diameter 
(with some proposing >5 cm in low operative risk females) [23,24]. 
Coexisting AAA in association with aneurysms of the iliac arteries 
would also prompt EVAR.

In the preoperative evaluation of a patient for elective EVAR, risk 
of aneurysm rupture and associated morbidity and mortality must 
be weighed against operative risk. Perioperative mortality from 
EVAR ranges from 4% in some population studies to less than 1% at 
centers of excellence [25]. While a thorough workup involving 
 cardiovascular testing should be performed for all elective cases, the 
decreased blood loss, avoidance of aortic cross‐clamping, decreased 
procedure time and postoperative recovery and increased options 
for anesthesia (including general, local, moderate sedation, and 
 spinal anesthesia) all increase the range of patients who can be 
 successfully treated at lower perioperative risk than conventional 
open operative repair [26].

Ruptured AAA
EVAR is increasingly being used to treat ruptured AAA [27]. The 
largest randomized clinical trial, Immediate Management of the 
Patient with Rupture: Open versus Endovascular Repair 
(IMPROVE), was a multicenter trial out of the UK and Canada that 
attempted to examine this treatment in real‐world conditions [28]. 
A total of 613 patients with suspicion of ruptured AAA but prior to 
imaging were randomized into endovascular or open repair groups. 
While there was no difference in 30‐day mortality between the two 
groups as initially randomized, of the patients treated with the 
 different modalities, mortality was significantly lower in the EVAR 
group (25%) than the open repair group (38%). Additionally, more 
patients were discharged directly to home in the EVAR group (94% 
vs. 77%). It is also interesting to note that of the 266 patients starting 
out in the endovascular arm of the study, 174 (64%) were deemed to 
have suitable anatomy for EVAR.

Ideally, a patient being considered for EVAR for ruptured AAA 
should be hemodynamically stable with preoperative CT imaging to 
determine suitability for EVAR [28]. If not feasible, an aortic occlu-
sion balloon can be inflated to stabilize the patient. The same basic 
anatomic criteria for elective EVAR hold true for ruptured EVAR. 
Absolute contraindications are an infrarenal aortic neck diameter 
>32 mm (as the largest diameter device on the market is 36 mm and 
approximately 10% oversizing needs to be considered) or an infrare-
nal aortic neck length <7 mm (to avoid covering the renal arteries 
while maintaining aortic wall apposition). Heavily calcified or 
thrombus‐filled aortic necks, angulated aortic necks (>60°), small 
iliac arteries (<7 mm) are all relative contraindications [29,30].

Special preoperative considerations for ruptured EVAR versus 
elective EVAR include permissive hypotension (aiming for goal sys-
tolic blood pressure of 80–100 mmHg), resuscitation with blood 
products as opposed to crystalloid fluids (as well as alerting the 
blood bank to the potential need for massive transfusion protocol), 
and avoidance of spinal or epidural anesthesia both for time consid-
erations as well as their effect on blood pressure [28,31].

Diagnostic imaging
Duplex ultrasound
Abdominal B‐mode ultrasound is the most frequently used screen-
ing modality to look for AAA. Indeed, for patients in the USA, 
Medicare covers a one‐time screening for those with a family 
 history of AAA and men aged 65–75 years who have smoked at 
least 100 cigarettes in their lifetime [32]. Ultrasound is both inex-
pensive as well as non-invasive; however, it may be associated 
with decreased accuracy and higher interobserver variability [33]. 
Visualization of the suprarenal aorta and iliac arteries is often dif-
ficult, especially in patients with larger body habitus, and the ability 
to predict impending rupture is not usually possible. It is the 
 preferred method to diagnose and monitor AAA until they become 
suitably sized for operative treatment as well as for postoperative 
monitoring for endoleaks.

Computed tomography angiography
Computed tomographic angiography (CTA) requires exposure to 
radiation as well as intravenous contrast material; however, in spite 
of this it remains the primary imaging modality for diagnosis as 
well as for pre‐operative planning. It has greater accuracy and less 
interobserver variability when compared with ultrasound [34]. 
Three‐dimensional reconstruction of CTA with centerline meas-
urements has been valuable for greater accuracy in measurements 
and for visualizing the complete vasculature from the aortic arch 
down to the access vessels. It is also the best modality for defining 
the quality of the patient’s vessels including thrombus and calcifica-
tions. Given the rapid image acquisition speed of CTA, stable 
patients presenting with ruptured AAA can be considered for 
immediate preoperative case planning to treat these patients endo-
vascularly (REVAR).

Rotational angiography
Conventional diagnostic angiography has been largely replaced by 
CT angiography; however, the use of on‐table rotational angiogra-
phy as a primary imaging modality in the event of ruptures is being 
studied. It appears to be limited in clarity as well as field size (when 
attempting to visualize both iliac arteries and access vessels) when 
compared with CTA but can be effective in detecting endoleaks 
intraoperatively. Angiography also has the disadvantage of being 
invasive and requiring intra‐arterial contrast [35].

Magnetic resonance
Magnetic resonance imaging (MRI) and magnetic resonance angi-
ography (MRA) both offer radiation‐free alternatives to CT and 
conventional angiography for AAA imaging. Disadvantages include 
high cost, long acquisition time (making it less tolerated in claustro-
phobic patients), poor visualization of calcified plaque and lower 
spatial resolution, and sensitivity to motion artifact. While use of 
gadolinium paramagnetic contrast makes it a reasonable imaging 
modality for patients with allergies to traditional intravenous 
 contrast, it is not a benign alternative for patients with renal insuf-
ficiency because of increased risk of potentially fatal nephrogenic 
sclerosing fibrosis [36].

Anatomic requirements
Standard EVAR has a number of anatomic requirements that are 
roughly similar amongst the various stent‐graft devices. That being 
said, each stent‐graft model has its own instructions for use (IFU) 
outlining more specific device detail about the exact anatomic 
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parameters and limitations that should be met for optimal out-
comes. Traditionally, however, EVAR requires healthy points of 
apposition (known as landing zones) at the proximal and distal 
fixation points of the stent‐graft as well as healthy access vessels to 
deliver the device safely into the aorta [29]. Furthermore, excessive 
tortuosity, especially of the infrarenal aorta has been associated 
with poorer outcomes with associated graft failure and endoleaks. 
As a rough guide, IFU for most EVAR devices specify an infrarenal 
aortic neck diameter between 16 and 32 mm and a landing zone of 
at least 10 mm of healthy infrarenal aorta with less than 60° of angu-
lation. The iliac arteries should have >10 mm of length to land the 
distal aspect of the device with a diameter between 8 and 25 mm to 
accommodate most commercially available grafts. Heavily calcified 
vessels or vessels with extensive thrombus both make device 
 apposition more challenging [30].

For patients with suboptimal anatomy or aneurysms encroaching 
on or involving the visceral or renal arteries, a number of methods 
and device modifications have been developed to ensure adequate 
graft fixation. Utilizing smaller parallel stent grafts into visceral or 
renal arteries, it is possible to maintain perfusion in these vessels in 
a technique known as snorkeling (or chimneying) [37]. More 
recently, fenestrated EVAR (FEVAR), a preordered and patient‐ 
specific manufactured aortic stent graft with cutouts for visceral 
and renal vessels, is being used as a newer alternative to snorkeling 
in patients with more difficult anatomy [38]. Branched devices, 
with a smaller stent‐graft sutured onto the main device to preserve 
flow to a branch artery (such as a renal or hypogastric artery) are 
also in development and being used at select centers in the USA at 
time of publication.

It is common for the aneurysmal disease in the aorta to extend 
into the iliac arteries. In cases where it is not possible to find healthy 
landing zone proximal to the takeoff of the hypogastric artery, it 
may be necessary to embolize one, or even both (in a staged fash-
ion) hypogastric arteries in order to extend the iliac artery landing 
zone distally beyond the hypogastric artery. This can be accom-
plished in a retrograde fashion from the ipsilateral femoral side or 
an antegrade fashion from either the contralateral femoral side or 
from superiorly via brachial or even radial artery access. These 
larger vessels usually require either embolization plugs such as the 
St. Jude Amplatzer (Saint Paul, MN, USA), embolization coils, or a 
combination of the two [39]. Often, the inferior mesenteric artery 
(IMA) is not visualized on pre‐operative imaging because of throm-
bosis from the aneurysm sac. When the IMA is patent and visual-
ized on flush angiography, some centers report decreased endoleak 
rates and increased sac shrinkage with embolization prior to stent 
graft placement [40]. Similar to the hypogastric artery, the IMA is a 
fairly large vessel, and embolization coils or microcoils are typically 
needed to achieve complete thrombosis of the artery. The rationale 
behind these embolizations is to prevent endoleaks,  discussed later 
in this chapter.

Access vessels remain an important consideration as calcified 
and tortuous iliac arteries may be a contraindication and a mini-
mum iliac diameter of 7 mm necessary to accommodate most 
 commercially available devices

EVAR devices
The initial aortic stent grafts were simple tubular devices, con-
structed by  marrying available stents to a Dacron tube graft [6]. 
This was soon followed by the 1993 development of the bifurcated 
aortobiiliac stent graft which became the prototype for most devices 

that  followed [41]. The current FDA‐approved devices all fit this 
basic bifurcated design; however, differences do exist between 
approved devices (Table  73.1). The Cook Zenith, Gore Excluder, 
Lombard Aorfix, and Medtronic Endurant are all modular devices 
with woven polyester (Zenith, Aorfix, Endurant) or ePTFE 
(Excluder) graft material supported by the stent. Infrarenal fixation 
is accomplished by means of either suprarenal barbed stents in the 
case of the Zenith and Endurant or by barbs or hooks at the infrare-
nal edge of the stent graft in the case of the Aorfix and Excluder. The 
Ovation is unique in eschewing a traditional stent material for most 
of the main body, using polymer‐sealing rings to create wall apposi-
tion but maintaining traditional iliac limbs. The Endologix AFX is 
unique in two ways: both in its passive fixation with its flow divider 
seated at the aortic bifurcation as well as its graft fabric lying on the 
outside surface of the stents. These latter two devices both utilize 
suprarenal fixation stents for additional protection against migra-
tion. Selection of device is at the discretion of the operator; to date 
there have been no randomized controlled trials comparing EVAR 
devices with each other [42].

Endoleaks
Blood flow in the aneurysm sac after stent graft deployment is 
known as an endoleak. This continued filling of the aneurysm 
sac can lead to aneurysm rupture in the post‐EVAR patient. There 
are five distinct types of endoleaks that will be discussed in 
brief here [43].

A type I endoleak is defined as persistent blood flow into the 
aneurysm sac from around the stent graft proximally (type IA, typi-
cally around the main body) or distally (type IB, typically around an 
iliac limb). As these are considered antegrade, high‐pressure leaks, 
type I endoleaks are usually repaired whenever discovered, be it on 
post‐EVAR completion angiogram or surveillance CTA. This 
 usually entails extension of the graft with either a cuff proximally or 
iliac extension limb distally. Type II endoleaks involve persistent 

Table 73.1 FDA‐approved endovascular aneurysm repair (EVAR) 
devices.

Device

Device 
diameter 
(mm)

Main body 
sheath size 
(Fr) Fixation

Cook Zenith 22–36 18–22 Suprarenal barbed 
stents

Endologix AFX 22–34 17 Suprarenal stents, 
anatomic seating at 
aortic bifurcation

Gore Excluder 23–31 18–20 Infrarenal barbs

Lombard Aorfix 24–31 22 Infrarenal barbs

Medtronic 
Endurant

23–36 18–20 Suprarenal barbed 
stents

Trivascular 
Ovation

20–34 14–15 Suprarenal barbed 
stents, infrarenal 
polymer‐filled rings
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filling of the aneurysm sac from retrograde blood flow of side 
branches, typically the inferior mesenteric artery or lumbar 
branches. These are considered low pressure, and frequently resolve 
up to 80% of the time without any need for intervention. As such, 
these are typically only treated (often making use of microcatheters, 
embolization coils and/or N‐butyl cyanoacrylate glue) when there 
is enlargement of the aneurysm sac on surveillance CTA [44].

Type III endoleaks describe blood flow into the aneurysm sac 
through a tear in the graft fabric or from component separation. 
Similar to the type I endoleak, these are considered high‐pressure 
antegrade leaks and are treated whenever seen, usually by stent 
graft re‐lining.

Type IV endoleaks involve filling of the aneurysm sac through 
the graft fabric caused by porosity, not rips or tears. These are some-
times noted within the first 30 days of graft implantation before 
resolution, but are seen less frequently with newer stent grafts com-
pared with earlier models.

Finally, type V endoleaks are due to “endotension,” described as 
elevated sac pressure or sac enlargement without a demonstrated 
leak. The cause is thought to be either an undetected type I–IV 
endoleak or by pressure transmitted through thrombus. Re‐lining 
with proximal or distal extension is the most common intervention 
for this endoleak, with complete operative explant being reserved 
for the most recalcitrant cases.

Evidence to support EVAR
EVAR has been validated as an effective treatment for abdominal 
aortic aneurysms in a number of randomized controlled trials, 
including the DREAM, the OVER, and EVAR 1 trials.

The Dutch Randomized Endovascular Aneurysm Management 
(DREAM) trial was a 2004 study that randomly assigned 351 
patients with >5 cm AAA and suitable anatomy to either open or 
endovascular aneurysm repair. Thirty-day and 2‐year aneurysm‐
related mortality were both significantly lower in the EVAR group 
(1.2% vs. 4.6% and 2.1% vs. 5.7%, respectively), the difference 
entirely a result of increased perioperative mortality in the open 
repair. All‐cause mortality, however, equalized at 1 year postop-
eratively and stayed equivalent until the longest follow‐up of 6 
years (68.9% in the EVAR group vs. 69.9% in the open group). 
There were greater rates of reintervention (29.6% in EVAR vs. 
18.1% in open) but fewer moderate and severe systemic complica-
tions (11.7% vs. 26.4%) for EVAR compared with open repair, 
respectively [10].

The Endovascular Aneurysm Repair Versus Open Repair in 
Patients With AAA (EVAR 1) trial was a randomized controlled 

trial involving 1252 patients, with exactly half (n = 626) divided to 
receive open repair and half to receive EVAR. The perioperative 
(30‐day) mortality was significantly less for EVAR (1.8% vs. 4.3%), 
but no significant differences were seen in overall mortality. Similar 
to DREAM, graft‐related complications and rates of reintervention 
occurred more frequently with EVAR [9].

The Open Versus Endovascular Repair (OVER) trial was a 
Veterans Affairs multicenter study involving 881 veterans with 
AAA >5.0 cm, AAA with iliac aneurysm of diameter ≥3.0 cm, or a 
AAA diameter of ≥4.5 cm with rapid enlargement (>0.5 cm growth 
over 6 months or 1.0 cm in 1 year) randomized to either open AAA 
repair or EVAR. Overall mortality was similar between groups over 
9 years of follow‐up (7.0% EVAR vs. 9.8% open repair) with an 
increased but not statistically significant difference in aneurysm 
rupture in the EVAR group. Not surprisingly, EVAR was also associ-
ated with shorter procedure times (2.9 vs. 3.7 hours), shorter inten-
sive care unit stay (1 vs. 4 days), and shorter hospital lengths of stay 
(3 vs. 7 days) [11].

While there have been no randomized controlled trials in the 
USA comparing EVAR with open repair for ruptured or sympto-
matic AAA, a systematic review of 23 observational studies 
involving 7040 patients with symptomatic or ruptured AAA was 
performed including 6300 open and 740 endovascular repairs, all 
on an urgent or emergent basis. Emergent EVAR was associated 
with a significantly reduced perioperative (30‐day) mortality risk 
relative to open repair (pooled odds ratio [OR] 0.62, 95% CI 
0.52–0.75) [45].

Conclusions
EVAR has proven to be a safe and effective procedure for treating 
AAAs in appropriate patients. All‐cause perioperative mortality, 
as well as AAA‐related mortality at short‐ and intermediate‐term 
follow‐up, are lower in patients undergoing endovascular stent 
graft placement versus open surgery in randomized trials. 
However, this was associated with higher repeat intervention rate 
in the endovascular group noted at intermediate follow‐up. 
Long‐term  survival appears to converge between the two groups, 
as it is dominated by the natural history of severe cardiovascular 
disease [46,47].

As in all procedures, patient selection is paramount and preop-
erative case planning with CT angiography is mandatory for suc-
cessful outcomes. Advancements in EVAR technology including 
lower device profiles and increasing use of parallel grafts and fenes-
trated EVAR should increase the potential candidates for EVAR in 
the future.

Case study

A 50‐year‐old male presented with known infrarenal AAA 
 incidentally revealed on screening ultrasound. He had a strong 
family history for aneurysm as his father died of a ruptured 
AAA. Serial CT scan showed progression to 5 cm over the 
course of 6 months. He was electively sized for repair 
(Figure 73.1).

He was sized for Endologix AFX bifurcated main body and 
suprarenal proximal aortic extension cuff lying below the 
 lowest renal artery (left). He underwent percutaneous place-
ment of the device utilizing the Abbott Perclose Proglide 
(Abbott Laboratories, Abbott Park, IL, USA) for his femoral 
access.
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(a) (b)

(c) (d)

(e)

Figure 73.1 (a) Cross‐sectional and (b) sagittal CT scan views showing adequate iliac arteries with appropriate vessel diameters and 
favorable anatomy for endovascular aneurysm repair (EVAR). (c,d,e) Sizing of common and mid and distal external iliac arteries showing 
adequate access vessels to accommodate EVAR device.
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Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Mesenteric ischemia is a relatively uncommon but potentially cata
strophic clinical problem [1]. Acute mesenteric ischemia (AMI) is a 
true emergency which can rapidly progress to fatal intestinal gan
grene if there is a delay in its diagnosis and subsequent management 
[2,3]. Chronic mesenteric ischemia (CMI) has more insidious pres
entation and is usually encountered in patients with widespread 
atherosclerotic vascular disease. The classic presentation of CMI, 
abdominal angina, is characterized by postprandial abdominal pain 
and weight loss secondary to “food fear” [4]. In spite of the similar 
anatomic location of the pathophysiology in both acute and chronic 
forms of mesenteric ischemia, the difference in their clinical pres
entation and management mandate separate consideration of these 
conditions.

Acute mesenteric ischemia
AMI is most commonly associated with acute occlusion of 
the  superior mesenteric artery, either embolic or thrombotic 
(Figure 74.1). Most emboli originate in the heart secondary to atrial 
fibrillation, myocardial ischemia, valvular heart disease, left ven
tricular aneurysm, or extensive atherosclerotic aortic disease. Acute 
obstruction can also be seen in the setting of aortic dissection or as 
a complication of aortic surgery or endovascular interventions. 
While embolic disease is generally considered the most frequent 
cause of acute ischemia, in situ mesenteric thrombosis was actually 
found to be a more frequent cause of AMI in several recent reviews 
[2,5–7]. The sudden onset of generalized abdominal pain with pre‐
existing symptoms of CMI (intestinal angina, weight loss) suggests 
acute thrombosis of advanced atherosclerotic lesions in the mesen
teric vasculature. Cholesterol crystal embolization can also cause 
AMI and should be suspected in an elderly person with widespread 
atherosclerotic vascular disease who has severe abdominal pain, out 
of proportion to their physical examination, hours after a recent 
diagnostic or therapeutic catheter‐based vascular intervention [8]. 
Cutaneous mottling of the trunk and lower extremities often 
accompanies this scenario.

As mortality secondary to AMI increases exponentially once 
transmural necrosis of bowel sets in, it is of paramount importance 
to make the correct diagnosis early and intervene as quickly as 
 possible [2]. Irreversible transmural necrosis of the bowel wall can 

develop in 6–12 hours, depending on the level of arterial occlusion, 
the presence of collateral flow, and the patient’s overall circulatory 
status. A high clinical suspicion is the key, as diagnosis is often 
delayed because of non‐specific clinical findings. Abdominal pain 
is of sudden onset and severe but is generally not localized early on. 
Localization of this pain with peritoneal signs suggests transmural 
necrosis of bowel. Physical examination is usually unremarkable 
with occasional abdominal distension and diarrhea, which may 
become bloody as time progresses secondary to mucosal sloughing. 
Laboratory findings are non‐specific and include an elevated white 
blood cell (WBC) count, lactic acidosis (highly sensitive but rela
tively non‐specific), and increased serum amylase levels in about 
half of these patients [2,3,5,9]. More recent experimental studies 
have suggested the possible value of tests including serum alpha‐
glutathione S‐transferase (alpha‐GST) and cobalt albumin binding 
assay (CABA) [10,11].

Imaging studies should include plain films of the abdomen which 
can demonstrate an ileus or gasless abdomen. When findings such 
as air in the bowel wall (pneumatosis intestinalis), mucosal edema 
(“thumbprinting”), free air under the diaphragm or air in the portal 
system are identified, the ischemia is well advanced and the mortal
ity rate is very high. Computed tomography (CT) scans will show 
these findings at a much earlier stage, while CT angiography will 
often demonstrate the actual site of vascular compromise as well as 
revealing any associated pathology such as aortic dissection [12]. 
A  recent study evaluating the accuracy of biphasic mesenteric 
multidetector CT angiography in mesenteric ischemia showed a 
positive predictive value of 100% and a negative predictive value 
of 94% [13].

In spite of the accuracy of CT imaging techniques, selective angi
ography remains the gold standard for making the diagnosis of 
acute intestinal ischemia, providing specific information on the 
location of the obstruction as well as the presence of residual flow 
through either the superior mesenteric artery (SMA) or collateral 
pathways. The angiographic study should be started by performing 
flush aortography in the anteroposterior (AP) and lateral projec
tions, as it is essential to evaluate the origins of the celiac and 
 mesenteric arteries, the most frequent sites of atherosclerotic 
 disease. The aortogram can also show other sites of embolization 
(especially in the spleen or kidneys), as well as demonstrating the 
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status of the inferior mesenteric and hypogastric arteries. Selective 
studies are then performed, using prolonged injections of contrast 
with imaging of the arterial, mucosal, and portal phases. Having a 
catheter in place also provides access for initiating endovascular 
treatment, including thrombolysis, vasodilator infusions, and stent
ing. Previously, catheter‐based intervention has been infrequently 
used to treat AMI, as reflected in the American Gastroenterological 
Association (AGA) guidelines which generally recommended lapa
rotomy after the diagnosis was confirmed [14].

Thrombolysis, both pharmacologic and mechanical, has been 
reported in some series when there has been early diagnosis [15,16]. 
The time required for complete lysis may not always be available, as 
the window for restoring the blood flow is limited and the potential 
risk of distal embolization is high. Thrombolytic therapy should 
only be considered when the diagnosis has been made within 
8  hours of the onset of abdominal pain, and should not be used 
when there is evidence of gastrointestinal bleeding or transmural 
infarction. The most common lytic agent used is tissue plaminigen 
activator (tPA), which is infused selectively into the occluded artery 
(nearly always the SMA) with or without an initial bolus of the 
drug. If, after 4 hours of initiating the infusion, there is no evidence 
of significant clot lysis, or if there is evidence of thrombus progres
sion or clinical deterioration, the infusion should be stopped and an 
open surgical approach initiated. The use of endovascular interven
tions for AMI is on the rise [5,7,17] and has been even proposed by 
some authors to be the primary treatment modality given its 
reduced complications and improved outcomes [12].

In the setting of acute thrombosis of an atherosclerotic plaque, 
Wyers et al. [18] recently reported a hybrid approach to retrograde 
open SMA stenting (ROMS) in AMI during the emergency lapa
rotomy to assess and resect non‐viable bowel if necessary. They pro
posed local thromboendarterectomy of the SMA inferior to the 
transverse colon mesentery and a patch angioplasty. This was fol
lowed by a retrograde cannulation of the SMA and stenting of the 
proximal lesion.

Non‐occlusive mesenteric ischemia (NOMI) is sometimes 
encountered in critically ill patients as one of the manifestations of 

a shock state. The patient may be so ill that diagnosis is delayed 
until it is too late for treatment. The patient is generally in a low 
flow state secondary to cardiogenic shock or septic shock and is 
often on a high dose vasopressor agent. A high index of suspicion in 
any patient who develops abdominal pain in the suggested clinical 
settings leads to the diagnosis which is most often confirmed by 
endoscopy and contrast angiography. Angiography will typically 
show diffuse or irregular vasoconstriction (Figure 74.2) in the mes
enteric circulation and the treatment is primarily directed at 
improving the overall hemodynamic status of the patient. Catheter 
directed intra‐arterial infusion of vasodilator drugs into the SMA, 
particularly papaverine, has been used to improve flow to the 
 intestine in this setting [19,20].

Mesenteric venous thrombosis (MVT), particularly of the supe
rior mesenteric vein (SMV), is a rare cause of bowel ischemia. 
Presentation is similar to other causes of AMI but with a more 
insidious onset of diffuse abdominal pain progressing over a few 
days with or without nausea, vomiting or diarrhea and can progress 
to signs of localized peritonitis with eventual transmural bowel 
necrosis [21]. Direct injury, hypercoagulable states (particularly 
factor V Leiden, protein C, protein S, antiphospholipid antibodies, 
prothrombin gene mutation), dehydration, sepsis, laparoscopic 
 surgery, and portal venous congestion secondary to cirrhosis or 
congestive heart failure (CHF) are the usual risk factors [22,23]. An 
increasing number of MVT have been recently reported after lapa
roscopic bariatric surgeries [24,25]. Diagnosis is usually made by 
the radiologist on the contrast CT scan performed for abdominal 
pain or by the surgeon intraoperatively at the time of bowel resec
tion. MVT usually extends into the portal and splenic venous 
trunks. Systemic anticoagulation with bowel rest and parenteral 
nutrition is treatment of choice for patients without peritonitis. 

(a) (b)

Figure 74.1 AP selective superior mesenteric artery (SMA) study 
(a) and lateral (b) aortogram demonstrating acute embolic occlusion 
(arrow) of SMA with distal reconstitution of branches. Lateral 
aortogram should be performed initially to visualize the SMA origin 
and prevent distal embolization.

Figure 74.2 SMA angiogram in non‐occlusive mesenteric ischemia 
(NOMI) associated with shock state. Note the irregular areas of 
segmental vasoconstriction.
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Patients with persistent symptoms or deterioration while on anti
coagulation benefit from endovascular thrombolysis with or with
out stenting of the portomesenteric axis to maintain flow [26,27]. 
Compared with systemic anticoagulation, early mechanical or 
pharmacologic thrombolysis of acute porto‐mesenteric venous 
thrombosis via transjugular or percutaneous transhepatic approach 
prevents progression of bowel ischemia in the short term and in the 
long term prevents development of portal hypertension [27].

Acute aortic dissection involving the abdominal aorta can cause 
malperfusion syndrome and AMI when the dissection flap causes 
either a dynamic or static obstruction of the visceral arterial origins. 
CT or magnetic resonance (MR) angiograms are crucial in making 
a diagnosis. Surgical repair of the proximal intimal tear is the most 
effective treatment for type A dissection [28]. Endovascular treat
ment of acute complicated type B dissection with malperfusion syn
drome has a low morbidity and mortality compared to open repair 
and can now be considered the therapy of choice [28–30]. This 
involves covering the proximal site of aortic intimal tear via stent 
graft, re‐expansion of true aortic lumen with or without a stent, 
obliteration of false lumen, and restoration of flow to the distal 
aorta and all its branches. In some cases of aortic dissection, distal 
reperfusion involves stenting of the visceral branches and endovas
cular fenestration of the aortic septum. Percutaneous fenestration 
can be achieved with either a re‐entry needle or the stiff end of the 
0.014‐inch wire followed by balloon angioplasty to 12–15 mm. 
Open surgical approach to malperfusion syndrome is by direct 
resection of the dissecting septum with direct repair of the ostia of 
visceral vessels.

Vasculitis affecting small and medium size vessels is a rare cause 
of mesenteric ischemia [31]. Polyarteritis nodosa, Buerger’s disease, 
systemic lupus erythematosus, and Behçet’s disease can involve 
mesenteric vessels, causing small bowel ischemia leading to mucosal 
sloughing, bleeding, or transmural necrosis and gangrene. 
Takayasu’s disease affects the visceral aorta and causes narrowing of 
major branches with eventual fibrosis and scaring which can lead to 
thrombosis and extensive mesenteric ischemia.

Chronic mesenteric ischemia
CMI is nearly always the result of atherosclerotic stenosis or occlu
sion of the SMA. The prevalence of asymptomatic mesenteric artery 
stenosis—peak systolic velocity (PSV) >200 cm/s for celiac and 
>270 cm/s for SMA—can be as high as 17.5 % in the elderly popula
tion [32]. The typical presentation consists of postprandial abdomi
nal pain, progressing to “food fear,” and eventually leading to weight 
loss, which is often dramatic [4]. These patients very often go 
through a prolonged series of diagnostic studies to rule out other 
common gastrointestinal disorders before the correct diagnosis of 
CMI is considered, as the initial symptoms are non‐specific and can 
mimic so many other disorders. CMI is more common in women, 
and there is invariably a history of extensive atherosclerotic vascu
lar disease. While the gastrointestinal tract is normally supplied by 
three vascular trunks (celiac, SMA, and inferior mesenteric artery; 
IMA), extensive collateralization between them allows the body to 
compensate for a significant degree of occlusive disease. Occlusion 
or stenosis of the celiac trunk is actually fairly common, either 
caused by atherosclerosis or extrinsic compression by the arcuate 
ligament of the diaphragm (median arcuate ligament syndrome, 
discussed later). Isolated celiac arterial disease, either stenosis or 
occlusion, is nearly always asymptomatic because of extensive col
lateralization from the SMA, primarily via the gastroduodenal 

arcade [32]. Similarly, the much smaller IMA commonly becomes 
occluded as a result of infrarenal aortic atherosclerosic disease or 
aneurysm formation and this is also generally asymptomatic 
because of the collaterals from the SMA and hypogastric circula
tion. The SMA, conversely, is the critical vessel for maintaining 
 visceral flow and its occlusion is nearly always clinically significant 
(Figure 74.3).

Aside from the history and obvious cachexia, there are few 
 specific clinical findings to suggest the diagnosis. Abdominal bruits, 
while considered a classic physical finding, are often appreciated 
retrospectively after the diagnosis has been made. With the wide
spread availability of CT and MR angiography, the diagnosis can 
now be made earlier than in the past, when angiography was 
required [33]. Color flow Doppler imaging is now being used 
increasingly as a cost‐effective and non‐invasive modality to diag
nose mesenteric arterial stenosis. Currently, catheter angiography is 
performed primarily to confirm the diagnosis, allow treatment 
planning, and in selected cases to carry out endovascular interven
tion. Involvement of the SMA by atherosclerosis is fairly stereotypical 
and is nearly always confined to its origin and proximal few centim
eters of the vessel with normal distal anatomy. The involvement 
resembles that found in the renal artery in that the process is an 
extension of the aortic wall disease into the ostium of the vessel. 
This localized nature of the disease makes it suitable for both surgi
cal and endovascular treatments. The choice of treatment is some
what controversial at present, with each approach having strong 
advocates.

Median arcuate ligament (MAL) syndrome, the existence of 
which is still challenged by several authors, is the postprandial pain 
complex, weight loss and abdominal bruit associated with dynamic 
obstruction of celiac artery trunk by the fibers of median arcuate 
ligament. Elevated PSV at end expiration on duplex ultrasound may 
point to a diagnosis [34]. CT angiography can show the relationship 

Figure 74.3 Celiac arteriogram shows occlusion of SMA at its origin 
with reconstitution via gastroduodenal artery collaterals. Celiac 
occlusions are common and usually asymptomatic. SMA occlusions 
are much more likely to be associated with visceral ischemia.
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of the narrow portion of the celiac artery to the diaphragm and also 
highlight post‐stenotic dilation [35]. Recently, minimally invasive 
combined modality of treatment via both laparoscopic release of 
MAL and endovascular treatment of the celiac artery have been 
proposed [36]. Late follow‐up in one of the largest case series 
reported a 76% freedom from symptoms in those treated with both 
celiac decompression and revascularization versus only 53% in 
those treated with decompression alone [37]. Angioplasty alone as 
a treatment of MAL syndrome has been associated with failures 
[38–40]. It has also been theorized that the symptoms may be 
 secondary to compression of the celiac ganglion, which is located 
on top of the celiac artery, and relief of symptoms can occur with 
celiac ganglion block [41].

The primary issues in the treatment of CMI concern the morbidity 
and mortality of the initial procedure and durability of the results. 
Traditionally, open surgical repair has been the standard for CMI. 
Open revascularizations are durable with a 81–92% symptom‐free 
survival at 3–5 year follow‐up [42–46]. The disadvantages of open 
repair are higher morbidity (20–30%) and mortality (4–15%) with 
prolonged hospitalization [42–44,46].

The last two decades have seen an increasing trend toward 
 endovascular management of CMI (Figure 74.4) as the first line of 

intervention [47,48]. Several retrospective studies from high 
 volume centers comparing their open with endovascular results for 
CMI have shown a similar incidence of in‐hospital morbidity and 
mortality [17,49,50]. However, a few others have noted similar 
mortality but higher morbidity with open repair [43]. In the analy
sis of the Nationwide Inpatient Sample, the mortality was lower 
after percutaneous transluminal angioplasty/stent compared to 
open bypass in CMI (3.7% vs. 13%; p <0.01) [48].

In a recent review of such retrospective studies comparing open 
with endovascular repair [45], overall results were comparable 
between the two modes of treatment in terms of technical success 
(100% vs. 95%) and immediate pain relief (93% vs. 88%). 
Endovascular repair has the advantage of decreased short‐term 
morbidity but the disadvantage of decreased long‐term primary 
patency compared with open repair (58% vs. 90% at 1 year [49]; 
27% vs. 66% at 3 years [17]; and 41% vs. 88% at 5 years [43]).

Brown et al. [51] compared their mesenteric stenting group with 
an open surgical group and concluded that stent patients had lower 
perioperative major morbidity and shorter hospital and ICU length 
of stay; however, stent patients were 7 times more likely to develop 
restenosis, 4 times more likely to develop recurrent symptoms, and 
15 times more likely to undergo reintervention.

(a) (b)

(c) (d)

Figure 74.4 Patient with symptoms of chronic visceral ischemia. (a) AP aortogram shows what appears to be patent SMA. (b) Oblique view 
demonstrates severe ostial stenosis of SMA. (c) Selective SMA study shows the proximal stenosis more clearly. (d) Post placement of stent with 
resolution of stenosis. No effort is made to match the caliber of the post‐stenotic dilatation.
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Endovascular therapy for CMI offers the advantage of early 
recovery, less short‐term morbidity and shorter length of stay in 
hospital; despite high recurrence and re‐intervention rates it may be 
the ideal option in a patient with severe comorbidities and short life 
expectancy or poor functional status. Open repair, on the other 
hand, has excellent durability and should be considered the best 
treatment for a patient fit for surgery and with lesions not amenable 
to endovascular repair.

technical considerations
Once the diagnosis of visceral ischemia is suspected, abdominal 
angiography should be performed. The SMA is by far the most critical 
of the three visceral trunks and because of its size and anatomic 
alignment with the aorta it is the vessel most frequently involved by 
embolus. The study should begin with a flush aortogram using a 
pigtail catheter in AP and lateral projections to identify the origins 
and proximal segments of the celiac and superior mesenteric arter
ies. Starting with selective catheterizations risks showering proxi
mal emboli distally, which might turn a simple embolectomy into a 
case of multiple distal occlusions that cannot be salvaged. As a rule, 
acute thrombosis of a pre‐existing stenosis of the SMA will present 
as an ostial or proximal occlusion, as the plaque is usually an aortic 
process extending into the origin of the vessel. An acute embolus, 
on the contrary, is typically cardiac in origin and more often lodges 
in the SMA beyond a few centimeters from its ostium, usually at the 
origin of the middle colic artery. Even in the presence of an acute 
embolic occlusion, angiography will nearly always demonstrate 
some distal reconstitution of mesenteric branches. Once it has been 
determined that the ostium is free of thrombus, a selective catheter 
(Cobra 2 or Sos) can be used to study the SMA in order to demon
strate the extent of occlusion, the site of reconstitution, as well as 
evidence of any other process such as a low‐flow state (non‐occlusive 
mesenteric ischemia), or mesenteric venous thrombosis. In general, 
if the patient is an operative candidate, operative embolectomy 
should be carried out immediately and the viability of the bowel can 
be assessed at the same time.

However, if the lesion is deemed amenable to endovascular 
treatment, the short sheath is then replaced by a long sheath 
(Shuttle, Raabe, Ansel) and advanced as close to the lesion as pos
sible. The diseased segment of the artery is crossed with a steerable 
but atraumatic wire which is then exchanged for a more supportive 
wire which will enable balloon and stent placement. There has 
been a general trend toward the use of coronary type wires (0.016 
or 0.018 diameter), balloons, and stents instead of standard guide
wires (0.035 or 0.038) because of decreased trauma and better 
tracking. In terms of stent selection, precise placement and supe
rior radial strength have favored the use of balloon expandable 
rather than self‐expanding stents in the visceral circulation. 
As these are generally ostial lesions, it is important to extend the 
stent slightly into the aortic lumen in order to prevent plaque pro
gression and stent occlusion. Embolic protection devices have 
been recommended by some authors but are not at present used in 
most institutions performing visceral stenting. They are somewhat 
problematic to use in ostial lesions, and if they are positioned in 
the hepatic artery there is a risk of spasm or dissection of this 
 unusually delicate vessel.

Some authors routinely use an upper extremity approach (radial, 
brachial, axillary) for visceral stenting because of the acute angle of 
take‐off of the visceral trunks. In our institution, we generally start 
with a femoral approach, which provides more catheter control and 

shorter systems. Only on occasion is a change to an upper extremity 
approach necessary.

In a review of endovascular treatment of CMI from the Cleveland 
Clinic [52], most of the stents placed in mesenteric vessels were 
 balloon expandable (91.5%) and had a mean diameter of 
6.5 ± 2.2 mm, and the average length was 18.8 ± 6.4 mm. No differ
ence was noted in the patency rates irrespective of the stent type, 
size, number, or the vessel treated. Oderich et al. [53], in their expe
rience from the Mayo Clinic, used balloon‐expandable stent in 98% 
of patients with a large profile system in 52% and femoral access in 
68% versus brachial approach in 32% of patients.

Drug‐eluting stents (DES) can prove useful by blocking cellular 
proliferation and reducing intimal hyperplasia in the treated vessel. 
The stent diameter of currently available DES is generally too small 
(<5 mm) for use in the mesenteric arteries.

Tallarita et al. [54], from the Mayo Clinic, used covered stents in 
four patients to treat in‐stent restenosis and reported no restenosis 
in any of these patients as compared with a 50% second restenosis 
rate in those treated with PTA or bare metal stents. Erdoes et al. [55] 
recently reported a superior primary patency for covered stent 
 versus bare metal stent at 18 months as 86% vs. 34%.

Controversy persists as to whether a single vessel intervention is 
better than multivessel treatment. While a few studies have shown 
equivalent outcomes after single and multiple vessel revasculariza
tion [42,46], better long‐term patency and symptom‐free survival 
of open revascularization has been attributed to a multivessel inter
vention. Van Petersen et al. [45] summarized the outcomes from 
eight recent studies comparing open with endovascular repair 
showing that both primary patency and freedom from recurrent 
symptoms were better with open surgical interventions than endo
vascular interventions. Similar differences have been observed in 
other studies [17] with proposal to improve durability of endovas
cular treatment by two‐vessel revascularization.

post‐procedure follow‐up
There are no established guidelines for follow‐up of patients who 
had endovascular repair of their mesenteric circulation. Given the 
high restenosis rate and reasonable success of repeat interventions 
it is imperative that a close follow‐up is maintained. Although 
duplex ultrasound is not as accurate in stented vessels as in native 
arteries it does offer an inexpensive and easily available non‐ 
invasive objective tool to follow these patients. At our institution we 
routinely study patients with duplex ultrasound at 1, 3, and 6 month 
intervals. Duplex ultrasound velocity criteria for detecting native 
SMA and celiac arterial stenosis or occlusion are highly variable. 
Various authors have different criteria ranging from a PSV 
≤275 cm/s to 400 cm/s in the SMA for >70% stenosis and ≤200 cm/s 
to 320 cm/s in the celiac artery for >70% stenosis [56,57]. A few 
 others rely on end diastolic velocities of >45 cm/s for a >50% steno
sis of the SMA and >55 cm/s for a >50% stenosis of the celiac artery 
[58,59]. There is a tendency toward higher velocities in stented 
celiac artery/SMAs in comparison to native arteries [60] and these 
criteria of the native SMAs cannot be applied to a previously stented 
SMAs as they overestimate the lesions [61]. Any significant change 
in the PSV is then followed up with a contrast imaging study to 
assess the situation and plan further interventions if needed 
(Figure  74.5). Sudden recurrence of abdominal pain can be the 
 earliest sign of stent thrombosis. Hence, patient education is of par
amount importance and they are explicitly instructed to seek urgent 
medical care if they experience any abdominal symptoms.
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Complications
Mesenteric vascular interventions can potentially cause mesenteric 
arterial dissection, thrombosis, distal embolization, stent dislodg
ment, or vessel perforation with resulting bowel ischemia or bleed
ing with mesenteric hematoma. Oderich et al. [53], in a review of 
156 patients and 173 mesenteric stents, reported an overall 
 morbidity of 15% and mortality of 2.5% with a 7% incidence of 
mesenteric artery complications during angioplasty and stent 
placement. They noted that factors associated with complications 
were use of large profile devices, non‐visualization of the wire tip 
in the main SMA trunk, mesenteric occlusion, severe calcification, 
and lesion length >30 mm. Use of an embolic protection device was 
recommended for high risk lesions [62]. Antiplatelet therapy 
started before the procedure also decreased the risk of emboliza
tion and thrombosis. A recent analysis of the national inpatient 
sample by Schermerhorn et al. [48] showed a mortality of 3.7% for 
the percutaneous interventions compared to 13% after open 
repairs. On a mean follow‐up of 29 months, Tallarita et  al. [54] 
reported a 36% in‐stent restenosis rate defined by duplex PSV 
>330 cm/s and angiographic stenosis of >60%.

Conclusions
Mesenteric ischemia is a relatively uncommon condition, but one 
where delayed diagnosis and intervention can be deadly. The condi
tion is clearly divided into acute and chronic presentations. AMI is 
an extreme emergency, as delayed diagnosis and treatment will 
 rapidly lead to intestinal infarction and high mortality. The most 
common cause of AMI is embolization from a cardiac source, while 
less commonly it can occur in the setting of acute thrombosis of a 
chronic atherosclerotic lesion, acute aortic dissection, or iatrogeni
cally. Most embolic occlusions are handled surgically, as the  window 
for restoration of mesenteric flow is short and embolectomy is a 
fairly straightforward undertaking. There has been an increasing 
use of endovascular techniques, but their role in the acute setting 
remains unclear.

CMI can present insidiously, and its manifestations frequently 
mimic other abdominal conditions so that diagnosis is often 
delayed. The hallmarks of the condition include postprandial pain, 
weight loss, and “food fear,” and it is generally encountered in 
patients with known widespread atherosclerotic disease. The diag
nosis can usually be made by CT or MR angiography and confirmed 
by catheter angiography. The optimal type of intervention remains 
controversial, with advocates of both endovascular and open surgi
cal revascularization. Stenting can be performed safely with mini
mal morbidity; however, open surgical reconstruction has 
indisputably better long‐term patency, at least at present.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Renal artery stenosis
Renal artery stenosis (RAS) is narrowing of the renal arteries, 
most often occurring in the main renal artery. Many etiologies are 
responsible for RAS, including atherosclerosis, fibromuscular 
dysplasia (FMD), vasculitis, congenital abnormalities, aneurysm, 
William’s syndrome, trauma, arteriovenous malformations or fistu
las, thromboemboli, extrinsic compression, radiation, and neuro
fibromatosis. Atherosclerosis, which accounts for approximately 
90% of cases, and FMD, which is present in up to 10% of cases, are 
the most common etiologies. Atherosclerotic renal artery stenosis 
(ARAS) is caused by atherosclerotic plaque in the renal artery wall 
and is a chronic inflammatory process affected by multiple fac
tors. In many individuals with ARAS, the plaques appear to be 
extension of aortic plaque into the ostium of the renal artery. 
In  contrast, FMD is a non‐inflammatory arterial wall dysplasia 
causing RAS.

RAS has been underrecognized clinically in the past. With the 
increasing use of non‐invasive diagnostic imaging techniques such 
as duplex ultrasonography, computed tomography (CT) angiogra
phy, and magnetic resonance angiography [1] and increased aware
ness of ischemic renal disease, the diagnosis of RAS has become 
increasingly common. ARAS was found in about 7% of the general 
population older than 65 years of age when a very liberal duplex 
peak systolic velocity threshold of 1.8 m/s was used during com
munity screening [2]. The prevalence of ARAS in patients with 
comorbidities is even higher, reaching 20% in patients with hyper
tension and diabetes, 25% in patients with peripheral vascular 
 disease, and has been reported to be as high as 54% in those with 
congestive heart failure [3].

Natural history and clinical outcomes
ARAS can progress anatomically at the atherosclerotic lesion or in 
association with declining kidney function in a minority of indi
viduals. In the pre‐statin era, progression to occlusion occurred in 
6% [2] to 39% [3] in patients with stenosis >60% [2] to >75% [3]; 
however, with appropriate medical therapy this risk is likely over
stated. Several conditions have been associated with renal artery 
disease progression, including severity of disease and comorbid 
conditions such as diabetes and hypertension [4].

ARAS causes ischemic nephropathy in some individuals. 
Ischemic nephropathy is defined as renal dysfunction resulting 
from stenosis of a main renal artery [4]. ARAS has been estimated 
to be the cause of end‐stage renal disease (ESRD) in approximately 
15% of patients over age 50 who begin dialysis [5]. Chronic ischemia 
produces inflammation, tubulosclerosis, fibrosis, thickening of 
Bowman’s capsule, intrarenal arterial medial thickening, and atro
phy in the kidney [6]. The possible mechanisms of renal fibrosis 
caused by a hemodynamically significant RAS include microvascu
lar damage, endothelial and epithelial factors, activation of renin–
angiotensin–aldosterone system with subsequent vasoconstriction 
[7], and CD40 signaling within the proximal tubule leading to 
interstitial fibrosis [8].

RAS is also a potential cause of secondary hypertension, and can 
be present in as many as 5% of individuals with hypertension. 
Activation of renin–angiotensin–aldosterone systems and increased 
sympathetic nerve output contribute to the elevated blood pressure 
[9]. Patients with RAS and hypertension can be resistant to medical 
therapy and some develop early complications including left 
 ventricular hypertrophy, heart failure, and renal failure.

Patients with ARAS are at high risk for fatal and non‐fatal cardio
vascular and renal events. It was found that ARAS is an independ
ent predictor for mortality in patients undergoing diagnostic 
coronary angiography [10] and in patients with peripheral arterial 
disease [11]. The risk ratio (versus age‐matched controls) was 3.3 
for overall mortality and 5.7 for cardiovascular mortality in a cohort 
of patients with RAS lesions exceeding 50% [12]. The annual mor
tality rate in patients with ARAS was 16.3% in a Medicare analysis 
and was three times higher than Medicare patients without ARAS 
[13]. However, it is not apparent whether this relationship is attrib
utable to the RAS per se, or whether RAS is simply a marker for 
more diffuse atherosclerosis.

Additionally, a strong relationship has been identified between 
chronic kidney disease and mortality in patients undergoing stent 
revascularization [14]. Patients with ARAS are 6–28 times more 
likely to die of a cardiovascular event than ESRD [1,15]. However, if 
a patient with ARAS develops ESRD and requires dialysis, the 
annual mortality rate approaches 36% [16]. The underlying mecha
nisms connecting loss of kidney function with increased mortality 
and non‐fatal cardiovascular and renal events are not fully clear. 
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The possible answers are activation of the renin–angiotensin– 
aldosterone and sympathetic nervous systems, associated renal 
insufficiency, concomitant atherosclerosis in other vascular beds, 
and activation/alteration of other neuroendocrine systems [17].

FMD occurs mainly in middle‐aged females and involves the 
mid to distal renal artery and other arterial vasculatures (e.g., 
carotid arteries, external iliac arteries, coronary arteries, and mes
enteric arteries). Most patients with FMD are asymptomatic, but 
resistant secondary hypertension in young patients is the most 
common clinical presentation. FMD can cause loss of renal mass in 
up to 63% of patients [18], but it rarely causes loss of renal function. 
Stenosis progression occurs in a minority of patients with FMD 
[18]; however, progression to occlusion is rare. FMD predisposes to 
dissection and aneurysm because of the dysplasia of arterial walls.

Indications for screening
Currently, there is controversy regarding the appropriate use of 
screening for the detection of RAS. In younger individuals with 
unexplained hypertension, screening for FMD is often warranted as 
identification of FMD can lead to a hypertension cure with balloon 
angioplasty. However, in older individuals who might be suspected 
as having ARAS, the value of screening is less certain. With several 
convincingly negative trials for revascularization of ARAS, the role 
for screening is under debate. The most recent American College of 
Cardiology/American Heart Association (ACC/AHA) guideline on 
peripheral arterial diseases published in 2013 suggested screening 
renal arterial disease with diagnostic studies for several clinical situ
ations [19]. However, these recommendations predate the results of 
the CORAL study. As a result it may be reasonable to limit screen
ing for ARAS to patients with suspected RAS who have clearly 
failed management with aggressive medical therapy.

Class I indications: 
• Onset of hypertension with age <30 years old (level of evidence B);
• Onset of severe hypertension after the age of 55 years (level of 

evidence B);
• Certain clinical characteristics: (i) accelerated hypertension (sud

den and persistent worsening of previously controlled hyperten
sion); (ii) resistant hypertension; and (iii) malignant hypertension 
(hypertension with acute end‐organ damage) (level of evidence C);

• New azotemia or worsening renal function after the administra
tion of an angiotensin‐converting enzyme (ACE) inhibitor or an 
angiotensin receptor blocker (ARB) (level of evidence B);

• Unexplained atrophic kidney or a discrepancy in size between 
two kidneys of >1.5 cm (level of evidence B);

• Sudden unexplained pulmonary edema, especially with azotemia 
(level of evidence B).

Class IIa indications Unexplained renal failure, including starting 
dialysis or renal transplantation (level of evidence B).

Class IIb indications Multiple vessel coronary artery disease with
out evidence of peripheral arterial disease at the time or unexplained 
congestive heart failure or refractory angina (level of evidence C).

Diagnosis
Duplex ultrasonography, computed tomographic angiography 
(CT  angiography, or CTA), and magnetic resonance angiography 
(MRA) are recommended by guideline as screening tests to  establish 

the diagnosis of RAS [19]. When these tests are inconclusive and 
clinical suspicion is high, catheter angiography is the next step [19]. 
Captopril test, captopril renal scintigraphy, and selective renal vein 
renin measurement are not recommended as screening tests to 
establish the diagnosis [19]. Duplex ultrasonography is the most 
cost‐effective study, although it is dependent on the technician’s 
proficiency and experience in the procedure. In a high‐volume and 
experienced center, duplex ultrasonography is the preferred method 
of screening. CTA has better resolution than MRA, but CTA carries 
risk of contrast nephrotoxicity and ionizing radiation. MRA with 
gadolinium contrast cannot be used in patients with advanced 
chronic kidney disease and patients with certain devices, because of 
electromagnetic interference.

Duplex ultrasonography
Duplex ultrasonography has a sensitivity of 75–98% and specificity 
of 87–100% for RAS, and 67% sensitivity in identifying accessory 
renal arteries [20]. Duplex can evaluate the artery anatomy, blood 
flow velocity and waveform, and kidney size. The peak systolic 
velocity (PSV) should be measured at the origin, proximal portion, 
at the mid aspect, near the helium, and at any site of color aliasing 
or suspected stenosis [21]. Doppler waveforms should be recorded 
within the stenosis and distal to the stenosis. If there are accessory 
renal arteries, the PSV should be measured. The aortic PSV is used 
to calculate the ratio of the PSV in the renal artery to the aorta at the 
level of renal artery. Many Doppler velocity criteria have been pro
posed to diagnose RAS. The most commonly accepted diagnostic 
criteria for RAS by duplex ultrasound are listed in Table 75.1 [2,20]. 
In clinical practice a PSV of 180 cm/s is sensitive at the expense of 
poor specificity. This high sensitivity threshold is appropriate for 
the purpose of screening but because of poor specificity it should 
not be used to confirm the diagnosis. For confirmation, a velocity of 
>300 cm/s is more useful [22].

Color Doppler interrogation of the segmental or interlobar arter
ies within the kidney can provide additional clues of RAS. A signifi
cant stenosis delays the systolic rise in the arteries distal to the 
stenosis, shown as tardus parvus waveform [23]. The significant 
stenosis (e.g., >60%) will also cause slowing (<3 m/s2) or absence of 
the early systolic peak or notch at the beginning of systole in the 
intrarenal segmental and interlobar arteries [23]. The time from the 
start of the systolic upstroke to the first peak is the systolic accelera
tion time, with >0.07 s indicating main RAS >60%. The renal arte
rial resistive index (RI) is calculated with the following formula:

 

RI peak systolic velocity end diastolic velocity
peak systoli

= −( ) /
cc velocity.  

Duplex ultrasound evaluation after a renal artery stent procedure 
should include recording a PSV in the proximal renal artery, within 
the stent, and distal to the stent [21]. The diagnostic criteria for in‐
stent restenosis vary among clinicians, from criteria same as native 
RAS in Table  75.1, to a higher velocity (e.g., >225 cm/s [24], 
>280 cm/s [25]), or a renal : aortic ratio >4.5 [25]).

Computed tomographic angiography
CTA has a sensitivity of 94% and specificity of 60–90% in detection 
of ARAS [26,27]. The better spatial resolution of CTA than MRA 
enables it to detect small accessory renal arteries. The specificity of 
CTA is not as efficient as MRA. However, CTA can be used in 
patients who are claustrophobic, intolerant of long time position
ing, and have a non‐MRI‐friendly implanted device. Because CTA 
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sees the thickness of the vessel wall, and positive remodeling occurs 
commonly in atherosclerosis, simply measuring the degree of 
 narrowing at the stenosis can overestimate the severity of the lesion. 
A more reliable strategy is to compare the degree of narrowing at 
the stenosis to the caliber of the more distal renal artery, after any 
post‐stenotic dilatation. Extensive calcification in the renal artery 
and adjacent aorta can be a challenge for CTA image interpretation. 
CTA also cannot be used in patients with significantly impaired 
kidney function because of the risk of contrast‐induced nephropa
thy, unless the benefit outweighs the risk.

Magnetic resonance angiography
MRA has a sensitivity of 93% and specificity of 91% for ARAS [26]. 
MRA has better specificity than CTA. MRA also offers the benefit 
of avoiding iodinated contrast and radiation exposure. But MRA 
cannot be used in advanced chronic kidney disease because of the 
risk of systemic fibrosis from accumulated gadolinium‐based 
 contrast medium used in MRA. It is also not used in patients with 
non‐MRI‐friendly devices and who are claustrophobic.

Catheter angiography
Renal angiography, typically using the digital subtraction technique, 
provides the most accurate diagnosis when non‐invasive studies are 
inconclusive and clinical suspicion is high. With angiography, the 
visual estimation of diameter reduction compared to the reference 
vessel is used for stenosis severity evaluation (e.g., 60%, 70%, and 
80% stenosis, etc.). Angiography can also evaluate the anatomy of 
the renal vasculature including the intrarenal vessels and accessory 
renal arteries, and the gross anatomy of the kidney. While ARAS 
most often (about 90% cases) presents as ostial  stenosis, FMD often 
presents uniquely on angiography as a “string of beads.”

However, of concern has been the practice of performing selec
tive catheter angiography for the detection of RAS using preformed 
catheters to engage the renal artery. Often excellent image quality 
can be obtained with aortography, performed at the level of the 
renal arteries, using modest volumes of contrast (10–15 mL per 
injection). This strategy is superior to selective angiography for the 
following reasons:
• Avoids aortic scraping that can lead to atheroembolization;
• More often identifies origins of renal arteries, when multiple 

arteries are present;
• Permits thoughtful catheter selection if selective angiography 

becomes necessary; and
• Oftent results in lower total contrast dosing.

Translesional pressure gradient, pressure ratio of distal 
renal artery to aorta, and renal fractional flow reserve
Several additional parameters can be measured at the time of angi
ography. The translesional pressure gradient can be measured 
across the stenosis, comparing aortic pressure with pressure in the 
renal artery after the stenosis. The most reliable method uses an 

0.014‐inch pressure sensing guidewire as catheter‐based gradients 
can grossly overestimate lesion severity [28].

Most stenoses that are truly >80% stenosis by angiography will 
have a pressure gradient [1]. For 60–80% lesions, it is considered 
hemodynamically significant if the peak systolic translesional pres
sure gradient is >20 mmHg [1]. The ratio of peak systolic pressure 
distal to the lesion over peak systolic aortic pressure at the renal 
artery level is called renal : aorta pressure ratio. A ratio of <0.9 is 
associated with increased renin production and the stenosis of this 
type is considered as hemodynamically significant [21,29]; how
ever, these data were derived from acute ischemia experiments and 
may not be as relevant in the setting of chronic ischemia. The renal 
fractional flow reserve (FFR) has been studied during angiography 
using intrarenal papaverine and an FFR <0.8 is considered as severe 
stenosis [29]. Recently, the renal FFR has been correlated with 
residual plaque volume and clinical outcome [30]. These parame
ters (e.g., visual estimation of stenosis severity, translesional 
 pressure gradient, and FFR) were shown to correlate with each 
other in some studies [29], but not in others [30].

In individuals with FMD, translesional pressure gradients are 
often extremely helpful in clinically differentiating “cosmetic” FMD 
(stenosis without hemodynamic significance) from those that are 
functionally significant. Furthermore, repeating pressure gradients 
after each balloon angioplasty provides an objective tool to indicate 
when the lesion has been adequately dilated and the webs are suffi
ciently disrupted to allow normal blood flow and pressure. 
Importantly, though, there are no trials that show whether treat
ment of patients with ARAS with some threshold for stenosis sever
ity (pressure gradient, angiographic percent stenosis, renal FFR) 
results in improved clinical outcome when comparing patients 
managed medically with those undergoing revascularization.

treatment options for ARAS
While balloon angioplasty is the standard interventional treatment 
for FMD, for ARAS there has been considerable debate over the 
past several decades about which treatment modality is better when 
considering medical therapy versus stenting. Fortunately, several 
recent clinical trials provide more evidence about this choice.

Three randomized trials have been completed that directly com
pared medical therapy alone with medical therapy with stenting: 
the Cardiovascular Outcomes in Renal Atherosclerotic Lesions 
(CORAL) trial, the trial of STent placement and blood pressure and 
lipid‐lowering for the prevention of progression of renal dysfunc
tion caused by Atherosclerotic ostial stenosis of the Renal artery 
(STAR), and the Angioplasty and Stenting for Renal Artery Lesions 
(ASTRAL) trial [1,31,32]. The STAR trial [32] was a randomized 
study that tested whether stenting could reduce by 50% the propor
tion of patients that experienced a 20% decline in GFR. The authors 
of STAR concluded that “confidence bounds are compatible with 
both efficacy and harm, so the finding is inconclusive.”

Table 75.1 Diagnosis criteria of renal artery stenosis by duplex ultrasound.

Stenosis severity percentage Peak systolic velocity (PSV) Renal : aortic ratio (RAR) Post‐stenotic turbulence

<60% >180 cm/s <3.5 No

>60% >180 cm/s >3.5 Yes

Total occlusion None Not available Not available
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The ASTRAL trial [31] enrolled 806 patients but failed to dem
onstrate an improvement in the primary endpoint, slope of recipro
cal creatinine (–0.0713 × 10–3 vs. –0.13 × 10–3 µm/L/year; p = 0.06). 
This difference was neither statistically nor clinically significant, as 
were the findings of the secondary analyses from ASTRAL.

The most recent trial, Cardiovascular Outcomes in Renal 
Atherosclerotic Lesions trial (CORAL) [1] published in 2014, was 
designed to compare optimal medical therapy alone with stenting 
with optimal medical therapy, with a primary endpoint of the 
occurrence of major cardiovascular or renal events. This was 
defined as a composite of death from cardiovascular or renal causes, 
stroke, myocardial infarction, hospitalization for congestive heart 
failure, progressive renal insufficiency, or the need for permanent 
renal replacement therapy. In CORAL, 947 patients with ARAS and 
either hypertension or chronic kidney disease were randomized 
into two groups: optimal medical therapy (ARB, atorvastatin, and 
an antiplatelet agent, with or without thiazide or amlodipine), or 
optimal medical therapy with stenting. There was no significant 
difference in the occurrence of the primary composite endpoint, or 
any of its individual components, between the stent group and 
medical therapy‐only group, and no difference in all‐cause mortal
ity. Systolic blood pressure was modestly lower in the stent group 
than in the medical therapy‐only group (−2.3 mmHg; 95% CI −4.4 
to −0.2 mmHg; p = 0.03), and the difference persisted throughout 
the follow‐up period. The CORAL study showed that, when added 
to a background of high‐quality medical therapy, contemporary 
renal artery stenting provides no incremental benefit for patients 
with ARAS. Thus, it is clear that optimal medical therapy without 
stenting is the preferred management strategy for the majority of 
people with ARAS.

Stenting in specific populations with ARAS
Several studies suggest that stenting can improve kidney function 
in patients with stenosis affecting all of the kidney parenchyma; 
however, CORAL showed no clinical advantage in this subgroup 
with global renal ischemia. A study by Watson et al. [33] focused 
on patients with progressive, but not severe, chronic renal insuffi
ciency and with global high‐grade stenosis. Renal artery stenting 
was performed in 33 patients who displayed a serum creatinine 
>1.5 mg/dL (mean 2.1 mg/dL), and found an improvement in the 
rate of loss of GFR, when compared with the rate of loss prior to 
the procedure. An additional study found favorable responses to 
revascularization for patients with ARAS and rapidly declining 
kidney function [34]. However, as stated earlier, when compared 
with a contemporary group of individuals managed medically, 
there is no evidence that stenting improves kidney function more 
than medical therapy alone.

In a single center, observational study in patients with ARAS 
 presenting with “flash pulmonary edema,” a term for acute heart fail
ure, revascularization reduced mortality (HR 0.4, 95% CI 0.2–0.9; 
p = 0.01), but did not affect cardiovascular event or ESRD rates [35]. 
This observation is confounded significantly though by significant 
age differences between the medical therapy and revascularized sub
jects. The small observational studies have described cohorts of 
patients with RAS with acute heart failure that appeared to benefit 
from renal artery revascularization [36,37]. In general terms these 
cohorts demonstrated that 75% of subjects undergoing revasculari
zation had no further episodes after treatment [36,37]. Whether 
similar results would be seen with medical therapy is not known.

There have been efforts in developing predictors that can identify 
subgroups of patients who will benefit from revascularization. 

As assessed by MRI, a high ratio of renal parenchymal volume to 
single‐kidney GFR was reported to be an indicator of improvement 
in GFR after revascularization in a study of 50 patients [38]. High 
blood oxygen level‐dependent (BOLD) MRI signal to single kidney 
isotopic GFR has been shown to be a predictor for improvement of 
renal function after revascularization in a clinical study of 28 
patients [39]. Pre‐intervention brain natriuretic peptide (BNP) 
 levels of >80 pg/mL were reported to be predictive of a response to 
revascularization in a study of 27 patients [40]; however, this find
ing was not replicated when it was tested in a larger cohort of 
 individuals [41]. On the other hand, a renal resistance index of 
more than 80 by duplex Doppler ultrasound was reported to be an 
indicator of unresponsiveness to revascularization [42]; yet again 
the finding was not replicated in subsequent studies [43,44]. More 
data are needed to draw a convincing conclusion.

Medical therapy of ARAS
The ultimate goal of ARAS treatment is the reduction of mortality 
(mainly cardiovascular and renal mortality) and morbidity (adverse 
cardiovascular and renal events), and prevention of complications. 
Medical therapy is the cornerstone of care for patients with ARAS. 
There are unfortunately few comparative data between different regi
mens of medical therapy. Clearly, anti‐atherosclerotic therapies are 
indicated, such as lipid‐lowering agents, especially statins. Antiplatelet 
therapy, diabetes management, and hypertension medications are all 
indicated in patients with ARAS. Lifestyle modification is also impor
tant such as smoking cessation, exercise, and weight reduction. 
Previously it was advised that ACE/ARBs should be avoided in this 
setting; however, data suggest the risk to be low [45,46]. ACEI/ARB 
treatment in observational studies is associated with a significant 
mortality and morbidity benefit in patients with ARAS [47]; however, 
it is also associated with a slightly elevated risk of acute renal failure. 
The usage of ACEI/ARB should be considered for all patients with 
ARAS. Smoking is not only a cardiovascular risk factor, it is also a risk 
factor for chronic kidney disease and can increase the risk of 
nephropathy progression [48]. All patients with cardiovascular dis
ease or cardiovascular disease equivalents are high‐risk for adverse 
cardiovascular events. Importantly, with optimal medical treatment 
of ARAS, the mortality rate can be decreased, at least in the setting of 
cohorts selected for participation in clinical trials, as shown by the 
ASTRAL trial (average annual mortality rate of 8%) [31] and the 
more recent CORAL trial (average annual mortality rate of 4%) [1]. 
Details of medical therapy can be found in a recent review [49].

Indications for endovascular intervention 
(revascularization)
Recently published guidelines for renal artery revascularization, 
according to current AHA/ACC guidelines published in 2013, are 
listed here [19]. As more evidence becomes available, the guidelines 
will be modified as many of these subgroups of patients with ARAS 
were not benefited in the recently completed randomized trials. We 
believe that the strongest rationale for revascularization in the athero
sclerotic patient is for those infrequent individuals with severe renal 
stenosis and advanced chronic kidney disease who are faced with the 
choice of an attempt at revascularization or instituting renal replace
ment therapy in the near future. However, this is not an evidence‐
based recommendation but is grounded in clinical experience.
• Asymptomatic patients with bilateral or solitary kidney with a 

hemodynamically significant RAS (level of evidence C);
• Resistant, accelerated, or malignant hypertension with hemody

namically significant RAS, or hypertension with unilateral 
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 unexplained small kidney or intolerance to medications (level of 
evidence B);

• Progressive chronic kidney disease with bilateral or solitary 
 functioning kidney and with RAS (level of evidence B), or with 
unilateral RAS (level of evidence C);

• Recurrent, unexplained congestive heart failure or sudden, unex
plained pulmonary edema in patients with hemodynamically 
 significant RAS (level of evidence B);

• Unstable angina in patients with hemodynamically significant 
RAS (level of evidence B).

Contraindications for endovascular intervention
The commonly accepted contraindications for percutaneous trans
luminal renal angioplasty include the following:
• A non‐functioning kidney, generally <8 cm pole‐to‐pole length;
• Limited life expectancy;
• Generally poor surgical or endovascular intervention candidate;
• Pregnancy; and
• Non‐compliance with medical therapy.

technical aspects of renal endovascular 
intervention for renal artery stenosis
The direct goal of renal artery intervention is to obtain the optimal 
patency of the artery while minimizing the risk of atheroemboliza
tion, renal artery dissection, and other complications. We first 
describe the techniques for stenting ostial ARAS, as these are the 
most common. This type of lesion involves the ostium of renal 
artery at its origin from the aorta.

Arterial access
Common femoral arterial access site is most commonly used. 
Radial or brachial artery access site should be considered for ante
grade approach if the takeoff of the renal artery is sharply down
ward angulated or in the presence of severe bilateral aortoiliac 
disease and/or tortuosity. In the presence of an aortic aneurysm, the 
angulation of the renal artery could favor upper or lower extremity 
access. Similarly, if a renal artery has been covered by a stent during 
an aortic procedure, careful selection of access and willingness to 
change access sites may be the difference between a successful and 
unsuccessful procedure. A longer sheath (e.g., 23 cm rather than 
11 cm) should be considered for tortuous arteries.

Renal artery angiography
Abdominal aortography prior to stenting should be performed to 
identify the local anatomy, including the severity and location of 
aortic pathology, location of the renal ostia, the extent of the ostial 
stenosis, the angulation of the renal artery takeoff from the abdomi
nal aorta, accessory renal arteries, and the presence of aneurysms 
and calcification. A shallow left anterior oblique projection is often 
the best angle view for identifying both the right and left renal ostia. 
If CTA or MRA images are available the angulation of the ostia can 
be more precisely estimated. Prior to the first selective renal angiog
raphy, active aspiration of 10 mL blood via a Y‐connector or passive 
back‐bleeding can be performed to clean debris from the guiding 
catheter to reduce the risk of embolism.

Engagement of guide catheter
Anticoagulation should be started after sheath insertion. Indirect 
engagement of the renal artery ostium using the guide catheter is 
preferred over direct engagement of the renal ostium because of the 

higher risk of renal artery complications associated with direct 
engagement (e.g., dissection, atheroembolism, artery abrupt clo
sure, and aortic injury). Indirect engagement of the renal ostium 
can be achieved through two kinds of approaches: the “exchange 
technique” or the “no touch” technique.

For the exchange technique, after renal angiography a 4‐Fr diag
nostic catheter is inserted through the sheath and used to engage the 
renal ostium gently. The soft small diagnostic catheter carries a 
lower risk of atheroembolization and dissection than the stiffer 
guiding catheter. After engagement of the diagnostic catheter in the 
renal artery ostium, a guidewire, 0.014 or 0.018 inch, is introduced 
into the main renal artery through the diagnostic catheter. The guide 
is then advanced over the wire and diagnostic catheter, after which 
the diagnostic catheter is removed leaving the guidewire in place.

For the “no touch technique”, a 0.035‐inch J‐tip guidewire is 
placed above the ostium and the guide catheter is introduced in 
close proximity to the renal artery ostium over the J‐tip guidewire. 
Then the guidewire is retracted to allow the guide catheter to 
assume its angled shape. The tip of the guidewire is against the aor
tic wall above the renal artery ostium. The opening of the guide 
catheter is then adjusted gently to align the opening of the guide 
catheter with the ostium of renal artery. A 0.014‐inch wire is intro
duced through the guide catheter and engaged into the distal renal 
artery, after which the J‐tip guidewire is removed, leaving 0.014‐
inch wire in the renal artery. An 0.014‐inch wire is compatible with 
most stent platforms and distal protection devices. Hydrophilic 
wires should generally be avoided because of the higher risk of renal 
parenchymal perforation.

A 6‐Fr guiding catheter is most often used and its shape should 
reflect the angle between renal artery and the aorta with considera
tion of other characteristics of local anatomy. A variety of guiding 
catheter configurations are available (e.g., “hockey stick,” renal dou
ble curve, internal mammary artery, right Judkins, and right 
Amplatz). Our current “workhorse” shape for most renal interven
tions is the IMA or internal mammary shape. The “hockey stick” 
guide catheter can be used for radial or brachial approach.

Percutaneous renal transluminal angioplasty
Balloon angioplasty is the treatment of choice for FMD and can be 
used for predilation and sizing of the renal artery prior to stent place
ment. With FMD, balloon angioplasty is the treatment of choice and 
the goal is to tear the webs in the renal artery thus minimizing the 
pressure drop‐off across the area of involvement. Balloon angioplasty 
can be performed with a 0.014 inch pressure‐sensing guidewire in 
place that allows the success of each dilatation to be ascertained. 
Generally, the balloon size in FMD is matched to vessel size; however, 
at times it may be necessary to slightly oversize the balloon to achieve 
the desired result. When this is done great care should be taken for 
symptoms of pending arterial rupture or dissection, heralded as back 
pain, at which time the balloon is gently deflated. Generally, stenting 
should be avoided, if at all possible, when treating FMD. The stent is 
an unnecessary expense and young patients especially can suffer 
from the consequence of metal stent fatigue or corrosion over the 
patient’s lifetime, resulting in device fracture and restenosis. In ath
erosclerotic stenoses, predilatation is achieved through a balloon 
with a slightly smaller diameter than the reference vessel.

Percutaneous renal stenting
The atherosclerotic renal artery often recoils after angioplasty 
resulting in restenosis, so stenting is a better approach to maintain 
the patency of the artery. Balloon expandable stents are favored 



710 PART IV Vascular Disease for the Interventionalist SECTION II Aorta and Branch Diseases

over self‐expanding stents because of the lack of precision associ
ated with the latter stents. Balloon expandable stents are sized 1:1 
with the reference vessel diameter, not the post‐stenotic dilated seg
ment. Stent length should be as short as possible while being long 
enough to completely cover the entire lesion. Using the shortest 
stent possible that allows complete lesion coverage can be helpful 
because the renal artery displaces dynamically during the respiro‐
phasic cycle and longer stents are subject to greater stress and 
potentially fracture risk.

The stent should be positioned with 1 mm protruding into the 
aorta, in order to completely cover the arterial ostium. An ostial 
stent, the ArchStentTM (Ostial Corporation, Mountainview, CA, 
USA), enables rapid and precise placement of the stent for ostial 
lesions. It uses a dual‐balloon delivery system, with a locator 
balloon stopping at the ostium for visually confirming the right 
position. The second balloon inflation results in stent place
ment. Further inflation of the locator balloon results in flaring of 
the proximal stent end and full ostial coverage. Another stent 
device developed to help stenting ostial lesions is the Ostial 
Pro  stent positioning system (Ostial Solutions, Kalamazoo, 
MI, USA).

After proper positioning of the stent, the balloon is inflated to its 
nominal diameter to achieve a 1 : 1 ratio with the diameter of the 
reference vessel. Inadequate stent expansion results in high rates of 
restenosis; thus, it is important to further dilate the stent if it 
appears to be underdeployed initially. Larger balloons with higher 
inflation pressure can be utilized to further dilate an underex
panded stent. Caution, though, should be exercised in trying to 
maximize stent diameter. Specifically, when the patient experi
ences back pain during balloon inflation, this can be the only 
warning sign before main renal artery rupture or perforation. 
Should this complication occur, placement of a covered stent is 
clearly indicated if the perforation of the renal artery is not 
promptly sealed with balloon inflation. Importantly, in order to 
adequately stabilize the patient it may be necessary to place a larger 
diameter balloon, inflated to low pressure (1–2 atmospheres), to 
adequately seal the vessel. A final selective angiogram should be 
performed to assess the stent position, exclude dissection, perfora
tion and spasm, and the renal parenchymal blush to exclude 
atheroembolism.

The “kissing balloon technique” can be utilized for the renal 
arteries with same origin without a common trunk or in the pres
ence of a short main trunk. This technique can be carried out in 
two ways. The first utilizes a single guiding catheter through which 
two wires and two balloons are introduced by femoral access route. 
However, this technique is limited by the relatively large diameter 
of the stents and their delivery balloons, making this impractical 
for lesions of the main renal arteries that require stents of 5 mm 
diameter or larger. The other strategy utilizes two guiding cathe
ters, two wires, and two balloons with one guiding catheter through 
femoral access and the other guiding catheter through radial or 
brachial access. In the latter approach, it is far easier if ipsilateral 
vascular access is used (i.e., right arm and right leg as an 
example).

For a short common renal trunk, two balloons can be placed in 
the trunk, extending into each renal artery branch respectively. 
After predilation, a stent with appropriate length is placed in the 
trunk over one of the wires and then two balloons are inflated 
within the stent to deploy the stent within the trunk and into two 
renal artery branches. When this is done caution should be used in 
selecting balloon size.

Stenting other types of renal artery stenosis
Atherosclerotic plaques not involving the ostium cause RAS within 
the trunk, or distal RAS. The optimum intervention on these lesions 
is not as clear. Angioplasty is preferred by some interventional phy
sicians and angioplasty with stenting is preferred by others. If angi
oplasty results in suboptimal result, stenting is then needed. 
Self‐expanding stents oversized by 1 mm over the reference vessel 
can be useful because of their flexibility and better fracture resist
ance compared with balloon‐expandable stents, as there is signifi
cant bending stress on the stent within the mid renal artery during 
cardiorespiratory motion [50,51].

For vasculitis‐caused RAS, the actual technical procedure is the 
same as the procedure for ARAS. However, there is no conclusive 
preference for angioplasty or stenting if endovascular intervention 
is warranted. A recent retrospective study suggested superiority of 
angioplasty over stenting for Takayasu’s disease [52]. Regardless of 
which endovascular procedure is chosen, perioperative appropriate 
medical treatment of the underlying pathophysiologic disease 
 process (e.g., immunosuppression) is required for better clinical 
outcome [53].

Distal protection devices to prevent atheroembolization
The atherosclerotic plaque burden associated with ARAS is quite 
high, although much of this risk resides in the aorta. It is intuitive 
to imagine the debris shattered from the fractured plaques going 
 distally in the renal artery resulting in parenchymal inflammation 
and impaired kidney function. The debris is often observed when 
an embolic protection device is used [54]. These devices are 
unlikely to catch 100% of the debris but decrease the debris 
 burden. The question to ask is the risk–benefit ratio. The distal 
protection device was shown to be beneficial in improving or sta
bilizing the renal function by several authors [55,56]. The combi
nation of a distal  filter protection device and abciximab was 
shown to protect kidney function after atherosclerotic renal artery 
stenting [54]. The risks of using these devices include increased 
case complexity and time, renal artery spasm, and dissection. Use 
of a distal protection device is sometimes not feasible for short 
renal arteries simply because there is no room to deploy the 
 protection device.

Peri‐interventional care
Aspirin (81–325 mg) should be started at least 1 day before the 
intervention and continued for life. Clopidogrel (75 mg) is used 
for at least 4 weeks after stenting by most interventional physi
cians, although there has been no study yet to validate the ben
efit. Anticoagulation is not needed after intervention. As 
described earlier, abciximab was shown to protect kidney func
tion after atherosclerotic renal artery stenting over the short 
term when used in combination with an embolic protection 
device [54]. Blood pressure medications should not be held on 
the day of the procedure and should be continued after the pro
cedure. Overnight observation is suggested for monitoring 
blood pressure, adjusting blood pressure medications, and mon
itoring for complications. Intravenous hydration can be used 
prior and after the contrast exposure to prevent contrast‐induced 
acute kidney injury.

Duplex ultrasound is useful 1 month after discharge to estab
lish the baseline characteristics for comparison with later imag
ing. Follow‐up by duplex ultrasound is recommended at 6 and 
12 months, or if kidney function declines, to evaluate renal stent 
patency.



CHAPTER 75 Renal Artery Interventions 711

Complications and management
The most common complications in renal artery intervention are 
vascular access‐related, including local hematoma (~5%), retro
peritoneal hematoma, pseudoaneurysm, ateriovenous fistula, blood 
vessel and nerve injury.

Atheroemboli can happen during catheter manipulations in the 
aorta, resulting from disruption of plaques or thrombi on the aortic 
wall. This risk can be heightened in the presence of highly ather
omatous aortas or with aneurysms. Every effort should be made to 
minimize the manipulation, and especially scraping, of catheters 
along the aortic wall. Embolism can also occur because of plaque 
disruption during predilatation, stenting, and post‐dilatation 
within the renal artery. Distal embolic protection devices can be 
utilized; however, their utility is still uncertain.

Renal artery dissection can occur during the procedure, espe
cially during catheter engagement or during stenting. The “exchange 
technique” and “no touch technique” are useful. In all cases, gentle 
engagement is preferred. Bailout stent placement can be used to 
treat the dissection. Aortic wall dissection can also occur. Stenting 
and conservative treatment are the usual modality of treatment.

Renal artery perforation is a severe complication that is some
what unpredictable. It can be associated with guidewire injury or 
over expansion of a lesion. Some patients have back pain as their 
warning sign; when this is experienced the balloon should be 
deflated and repeat imaging performed. When the patient experi
ences acute back pain during balloon inflation it is safer to err 
on  the side of underexpansion and risk of restenosis than it is to 
err on the side of a “perfect result” and vessel rupture. Hemodynamic 
instability may or may not occur. Prolonged balloon inflation, use 
of covered stent, or, rarely, surgical intervention are required.

Wire perforation of the renal parenchyma also occurs at low 
 frequency and, if not addressed, can result in severe hemorrhage 
and loss of the kidney. The kidney is more sensitive to perforation 
than the heart or lower extremity, especially when hydrophilic 
guidewires are used. To avoid perforation, meticulously track the 
distal position of the wire during the entirety of the procedure. 
Should perforation occur, immediate treatment using an embolic 
strategy (coils, foam, glue, etc.) is likely required.

In‐stent restenosis and management
The restenosis rate after renal artery stenting ranges from 10% to 
40% [57–60], with higher rates in smaller diameter renal arteries 
(<4.5 mm) [61] and lower rates in larger diameter arteries 
(5–7 mm) [60]. Risk factors for atherosclerosis, including smoking 
and diabetes, contribute to the development of in‐stent restenosis 
[62]. Duplex ultrasound monitoring after initial stent placement 
can be useful to monitor for the development of restenosis, espe
cially if patients have recurrent clinical problems such as resistant 
hypertension or worsening kidney function. In‐stent stenosis is 
suspected when the duplex ultrasonography demonstrates an  
in‐stent velocity >200 cm/s and a peak systolic velocity ratio 
(renal : aortic) >3.5 [63].

Various methods have been used to treat renal artery in‐stent ste
nosis successfully, including balloon angioplasty [59,64], bare‐
metal [57,59] or drug (paclitaxel) eluting stent placement [59,65,66], 
covered stent [65], or endovascular brachytherapy [67]. However, 
the optimum strategy to prevent recurrent restenosis remains 
unknown [59]. Although sirolimus‐eluting stent was suggested to 
be effective in maintaining long‐term patency by one study [68], a 
subsequent study suggested that use of a sirolimus‐eluting stent 
is  associated with a high restenosis rate in treating renal artery 

 in‐stent restenosis [69]. Aggressive risk factor management includ
ing diabetes control, smoke cessation, hypertension control, and 
use of aspirin and statins is recommended [49].

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Normal erectile function is a complex neurovascular event that requires 
neurochemical stimulation and end‐organ response for the initiation 
and maintenance of erection. Erectile dysfunction (ED) is a common 
medical problem affecting over 50% of men between the ages of 45–75 
years [1]. There are currently over 150 million men worldwide with ED 
and this number is projected to increase to 322 million by 2025, the 
majority of the increase being in developing countries mirroring the 
increase in cardiovascular risk factors in these societies [2]. The etiol
ogy of ED is multifactorial but a vasculogenic cause either coexists with 
or has a dominant role underlying this disorder in over 40% of cases. 
Vasculogenic etiologies include endothelial dysfunction with impaired 
smooth muscle relaxation, arterial insufficiency caused by proximal 
atherosclerotic stenosis, or venous insufficiency because of inability to 
trap blood in the  corpus cavernosa because of venous leak. The exact 
frequency distribution of these etiologies in patients with ED remains 
poorly defined. Coronary artery disease and ED share many cardiovas
cular risk factors such as age, diabetes, hypertension, hyperlipidemia, 
and tobacco use [3]. Erectile dysfunction is also an emerging risk factor 
for the development of antecedent symptomatic coronary artery dis
ease and adverse cardiovascular events [4].

The current therapy for ED uses pharmacologic agents such as 
phosphodiesterase‐5 inhibitors (PDE5i) that increase penile arte
rial blood flow and improve endothelial function. However, a large 
proportion of patients (~50%) have a poor response to these agents 
or have a contraindication to their use and are relegated to the use 
of vacuum constrictor devices, intrapenile injection of prostagla
dins, or implantation of a penile prosthesis [5,6]. There is currently 
evidence documenting the presence of angiographically severe 
penile arterial inflow (PAI) disease in a significant proportion of 
older patients with ED [7]. Clinical trials have reported some lim
ited efficacy in erectile function after percutaneous intervention on 
vascular stenosis related to PAI. Despite these data, penile arterial 
revascularization remains investigational to date and is currently 
not recommended by the American Urological Association [6].

A novel minimally invasive approach targeting PAI disease may 
prove to be a safe and effective treatment strategy for ED related to 
impaired arterial inflow. This chapter reviews the normal penile 
arterial blood supply, describes the angiographic anatomy in ED, 
and critically discusses the available literature on microsurgical and 
endovascular techniques to treat vasculogenic ED.

Penile arterial blood supply and anatomy
Normal penile vascular anatomy
The abdominal aorta bifurcates into the right and left common 
iliac artery. The common iliac bifurcates into the internal and 
external iliac arteries. The internal iliac artery passes downward 
to the upper margin of the greater sciatic foramen where it divides 
into anterior and posterior branches. The anterior division pro
vides the majority of blood supply to the pelvic and reproductive 
organs including the internal pudendal artery. The posterior divi
sion provides arterial supply to the gluteal and lumbosacral mus
culoskeleton via the ilio‐lumbar, lateral sacral, and superior 
gluteal arteries (Figure 76.1). Any artery proximal to the internal 
pudendal artery (IPA) can be considered an erectile‐related artery 
(ERA) and stenosis could lead to ED because of arterial insuffi
ciency. As the vast majority of penile inflow is normally carried 
through the bilateral IPAs, the focus of discussion will be on the 
IPA and its anatomic variations.

The IPA is the smaller of the two terminal branches of the ante
rior trunk of the internal iliac artery. This artery passes outward 
along the lower border of the greater sciatic foramen, and emerges 
from the pelvis across the ischial spine and re‐enters the perineum 
through the lesser sciatic foramen. The artery then passes along 
the lateral wall of the ischiorectal fossa and in between the fascial 
layers of the urogenital diaphragm along with the pudendal nerve 
(Alcock’s canal) and terminates by forming the common penile 
artery which then divides into the bulbocavernosal, deep cavern
osal, and dorsal arteries of the penis. The IPA has multiple 
branches: inferior rectal artery, perineal artery, artery of the ure
thral bulb, urethral arteries, and the cavernosal and dorsal arteries 
in the penis (Figure 76.2). The inferior rectal artery arises above 
the ischial tuberosity and supplies the muscles and integument of 
the anal region. The perineal artery provides several posterior 
scrotal branches that are distributed to the skin. The artery of the 
urethral bulb and the urethral artery are short blood vessels that 
supply the urethral bulb, the posterior part of the corpus caverno
sum, and the glans penis. The cavernosal arteries of the penis run 
bilaterally forward in the center of the corpus cavernosa, to which 
its branches are distributed and there are communicating branches 
between the cavernosal arteries. The dorsal artery of the penis 
ascends between the crus penis and the pubic symphysis and runs 
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forward on the dorsum of the penis to the glans, where it divides 
into two branches, which supply the glans and prepuce.

Common anatomic variations in penile arterial anatomy
The most frequent anatomic variation occurs when the IPA ends as 
the artery of the urethral bulb or less frequently the perineal artery. In 
these cases, the dorsal and deep arteries of the penis are derived from 
an accessory pudendal artery. These accessory arteries originate from 
the external iliac, obturator, vesical, and femoral arteries, and in some 
men constitute the dominant or only arterial supply to the corpus 
cavernosum. Accessory pudendal arteries are identified in up to 70% 
of cadaveric studies, and 7–14% by radiographic studies. These ana
tomic aspects are essential to consider when planning an endovascu
lar strategy. Yamaki et al. [7] studied 645 pelvic halves from Japanese 
cadavers and proposed a classification for the branching patterns of 
the internal iliac artery consisting of four groups (detailed in 

Figure 76.3). The most common branching  patterns involve the IPA 
originating either as the first branch,  terminal branch, or trifurcating 
branch of the inferior division of the internal iliac artery.

Angiographic studies in erectile 
dysfunction
Leriche [8] first described the association between ED and occlu
sive disease in the aorta in 1923. This was caused by the presence 
of aorto‐iliac occlusion resulting in lower extremity ischemia and 
PAI insufficiency. This association remained unexplored until 
1969 when it was noted that 70% of the men with aorto‐iliac 
occlusion had impotence [9]. In the same year, relief of impotence 
after  bilateral endarterectomy of occluded internal iliac arter
ies  was reported [10]. There was still no firm evidence that 
organic  disease was responsible for impotence until 1973 when 
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Figure 76.1 Normal pelvic arterial blood supply. A schematic view of the pelvis showing the most common arterial anatomy.
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 angiographic and histologic data suggested the coexistence of 
severe arterial disease in patients with impotence [11]. This was 
again confirmed in 1978 with the angiographic demonstration of 
the presence of arterial inflow disease in patients with ED [12]. 
These observations came in parallel with the evolution of 
 conventional angiography. At the time, angiography was limited 
to  visualization of the aorta and iliac vessels and more selective 
techniques to visualize smaller caliber vessels like the internal 
pudendal and penile arteries were not  possible. Visualization of 
the smaller caliber penile vessels was  possible with the use of 
 retrograde phallo‐arteriography. With this technique, 30 males 
with ED had translumbar aortography  followed by puncture of 
the dorsal artery of the penis and contrast administration  followed 
by radiographic image acquisition [13]. This technique was the 
first study to demonstrate severe disease or occlusion of the ves
sels supplying the cavernosal bodies in patients with ED.

To date there have been 10 studies assessing penile arterial blood 
flow in 629 patients with ED (Table  76.1) [14–23]. Collectively, 
these studies show a high incidence of PAI disease that ranges 
between 37–79% with an average incidence of 76%. The proportion 
of patients with arterial inflow disease may be overestimated as the 
majority of patients included in these studies have concurrent 
symptomatic coronary or peripheral vascular disease as opposed to 
the larger majority of patients without such comorbidities with ED. 
The atherosclerotic process affecting the IPA is diffuse and often 
involves the ostial or proximal segments of the vessels in 56% of 
cases and the distal segments of the vessel (small penile vessels) in 
over 60% [19,24]. There is also multisegment disease and this 
 feature is often seen in older patients or those with diabetes mellitus 
although the numbers of patients studied in the literature are small 
and poorly documented.

Previous studies have also identified a considerable anatomic 
variation with the IPA. The IPA arises as a gluteopudendal trunk 
from the inferior gluteal artery in 70% of patients or as an inde
pendent branch from the anterior division of the internal iliac 
artery in 30% [17]. While this makes identification of the vessel 
more challenging, the location and origin of the IPA relative to the 
internal iliac artery can also influence erectile function, as there is 
some evidence that in Japanese men this plays a part as a cause for 
ED but the broader implications of this recent finding is currently 
unknown [25]. Accessory pudendal arteries arise in up to 21% of 
patients and originate as an independent branch from the obtura
tor artery, remnant of the urachal artery, and superior division of 

the internal iliac artery [19]. It is therefore critical to consider 
 angiography as the current gold standard for evaluation of penile 
arterial blood supply.

The angiographer must perform a quality angiogram, otherwise 
angiography can be misleading, resulting in both false positive and 
false negative diagnosis. Important considerations include: inclu
sion of both the large pelvic and the distal vessels, location of the 
source of blood flow to cavernosal arteries using direct cannulation 
of the pudendal or accessory pudendal artery, and recognizing vari
ant arterial anatomy. Finally, it is essential to place the anatomic 
information obtained during angiography within the context of 
functional assessments of penile blood flow obtained via Doppler 
ultrasound examination during pharmacologic induction of erec
tion to exclude venous leak. It is not known if arterial revasculariza
tion of patients with venous leak will result in improvement of 
erectile function, but venous leak should theoretically limit the effi
cacy of any improvement in arterial inflow.

Penile arterial revascularization: surgical 
and endovascular approaches
Surgical approach to penile arterial revascularization
Michal et al. [26] reported the first penile arterial revascularization in 
1973, by anastomosis of the inferior epigastric artery (IEGA) to the 
corpus cavernosum which was successful in the short term but 
resulted in cavernosal smooth muscle fibrosis leading to thrombosis 
of the graft in the long term. The Michal II procedure was then popu
larized, where the IEGA was anastomosed in an end‐to‐side fashion 
to the dorsal penile artery [27]. Hauri [28] proposed direct arterial 
anastomosis of the IEGA to the dorsal artery but, in addition, incor
porating the deep dorsal vein into the anastomosis (arterialization). 
In principle, arterialization of the dorsal vein would improve arterial 
flow to the corpora cavernosa in a retrograde manner via the  emissary 
veins. Virag et al. [29] described a procedure in which the IEGA was 
anastomosed directly to the deep dorsal vein, introducing the con
cept of venous arterialization. In theory, these modifications improve 
inflow while reducing venous outflow. In concept, these procedures 
can be attractive not only in men with pure arteriogenic ED, but also 
those with a venogenic component. However, these procedures are 
rarely performed given the limited experience and the associated 
morbidity and mortality from the operation.

Thirty‐one studies have been performed to evaluate these surgi
cal techniques and those included in the American Urologic 
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Figure 76.3 The branching pattern of the internal iliac artery, as classified by Adachi and modified by Yamaki. Group A: The internal 
pudendal artery is a terminal branch of the inferior division of the internal iliac artery after the inferior gluteal and superior gluteal arteries. 
Group B: The internal pudendal artery is the first branch of the inferior division of the internal iliac artery. Group C: The inferior division of 
the internal iliac artery trifurcates into internal pudendal artery, superior and inferior gluteal arteries. Group D: The internal pudendal artery 
is the second branch after the inferior gluteal artery is given off. I, inferior guteal artery; S, superior gluteal artery; P, internal pudendal 
artery; U, umbilical artery.
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Association (AUA) position statement are listed in Table 76.2. One 
of the largest contemporary retrospective series is that of Kawanishi 
where 51 men with vasculogenic ED had comprehensive assess
ments of ED which included intracavernosal pharmacologic erec
tion tests, penile duplex Doppler, and digital subtraction 
angiography [30]. The etiology of the arterial lesions was blunt 
perineal trauma in 33 and unknown in 35. Either the Hauri or 
Furlow–Fischer procedure (IEGA to deep dorsal vein but circum
flex collaterals are preserved and dorsal venous valves are not dis
rupted) was used for penile revascularization. The patency of the 
neoarterial blood flow was assessed objectively by color flow 
duplex Doppler. A significant improvement in penile blood flow 
was noted and was sustained in approximately 70% of the patients 
[31]. Of the 31 publications on penile revascularization surgery 

reviewed by the AUA, only four reports for a total of 50 patients 
met the peer review criteria set by these guidelines. These reports 
document a success rate of 36–91% [5]. The most important limi
tation of the current surgical literature is that patients who under
went these operations generally had blunt trauma without 
atherosclerosis. Furthermore, surgery was associated with a wide 
range of complications that included penile parasthesia and retro
grade ejaculation (a reflection of the pelvic nerve damage). Because 
of these findings, the AUA considers vascular reconstructive 
approaches to ED experimental, with revascularization reserved 
for patients with trauma who have focal lesions without any evi
dence of vascular disease. These procedures provided a conceptual 
framework for consideration of endovascular therapies in treating 
this problem.

Table 76.1 Penile arterial inflow studies in erectile dysfunction.

Study n
Anatomic variations of internal pudendal and 
accessory arteries Location of stenosis

Michal 1978 [11] 30 N/A 100% cavernosal arteries

Herman 1978 [15] 35 N/A 100% IPA disease

Struyven 1979 [16] 14 N/A 50% IPA disease

Huguet 1981 [17] 200 85% from ILA, 65% from gluteopudendal artery Not described

Buvat
1981 [18]

29 N/A 37% proximal IPA
48% distal disease (perineal and cavernous 
arteries)

Bruhllman 1981 [19] 24 Accessory pudendal artery from superior vesical, 
urachal and obturator arteries

71% IPA
24% mid‐segment of the IPA
59% bilateral IPA
100% deep and dorsal arteries of the penis

Gary
1982 [21]

73 21% had accessory pudendal arteries, of these 14% 
were unilateral and 7% were bilateral

44% ILA or proximal IPA
44% distal IPA or cavernosal arteries

Nessi
1987 [20]

44 N/A 79% IPA
20% occlusion of the IPA or bilateral disease
52% with single vessel occlusion or multiple 
lesions in a single vessel

Valji
1988 [22]

57 N/A 19% ILA
70% IPA
40% distal disease
56% intrapenile disease

Rosen
1990 [23]

170 N/A Cavernosal arteries in the majority

Rogers 2010 [14] 10 N/A 90% IPA

Total* 629 IPA disease: 144/259 (56%)
Small vessel disease: 274/459 (59%)

ED, erectile dysfunction; ILA, internal iliac artery; IPA, internal pudendal artery; N/A, not available.
* Patients from Huguet et al. and Rosen et al. studies were excluded from the total numbers due to lack of data regarding degree and location of stenosis of the IPA 
and cavernosal arteries.
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Endovascular approach to penile arterial 
revascularization
The current experience with transluminal angioplasty or stenting 
for the treatment of ED is very limited and detailed in Table 76.3. 
Almost all endovascular studies to date focused on large vessel 
inflow disease (common and internal iliac arteries). There are only 
limited case reports of transcatheter means of excluding pelvic 
venous insufficiency but not venous leak related to the penile emis
sary veins. Additionally, the duration of follow‐up and methods in 
many of the published literature are lacking.

More recently, the ZEN trial (Zotarolimus‐Eluting Peripheral 
Stent System for the Treatment of Erectile Dysfunction in Males 
with Suboptimal Response to PDE5 Inhibitors) has evaluated the 
role of endovascular intervention in patients with drug refractory 
ED. The study addressed many of the limitations associated with 
previous literature. A total of 30 patients (out of 383 subjects 
screened) with ED were enrolled. Procedural success was 100% 
with no major adverse events through follow‐up. The primary fea
sibility endpoint at 6 months was achieved by 59.3% of intention‐
to‐treat subjects and 69.6% of per‐protocol subjects. Duplex 
ultrasound peak systolic velocity of the cavernosal arteries increased 
from baseline by 14.4 ± 10.7 cm/s at 30 days and 22.5 ± 23.7 cm/s at 
6 months. Angiographic binary restenosis was reported in 11 
(34.4%) of 32 lesions.

The ZEN trial clearly demonstrated the feasibility and safety of 
stenting atherosclerotic IPA lesions in highly selected subjects. 
Many subjects (but not all) reported subjective improvement in 
erectile function after these procedures, and there were concomi
tant increases in penile flow as determined by duplex ultrasound. 
Angiographic follow‐up demonstrated no stent fractures and 

 reasonable binary patency considering the first‐in‐man use of a 
drug‐eluting stent (DES) in a new vascular bed. Although the ZEN 
trial demonstrated safe and feasible stenting of the IPA in selected 
patients, most patients screened for this trial did not qualify and the 
main reasons for exclusion were: (i) excessive or insufficient angio
graphic disease; (ii) lack of arterial insufficiency by duplex; or 
(iii)  venous leak. Additionally, a higher binary restenosis rate at 
6 months (34%) highlights the unknowns in applying DES to the 
pelvic vasculature. Furthermore, the mechanism by which clinical 
improvement in erectile function persisted at 6 months despite 
angiographic binary restenosis in one‐third of subjects remains 
unknown. Given these considerations, the authors concluded that 
the results of the ZEN trial precluded widespread use for the treat
ment of PAI [47].

Given the anatomic variations and the degree of diffuse disease 
noted in the ZEN Trial, Wang et al. performed the PElvic 
Revascularisation For arteriogenic EreCTile dysfunction 
(PERFECT‐1) study. They used CT angiography to assess the 
safety and feasibility of catheter‐based therapy for isolated penile 
artery stenoses in patients with erectile dysfunction. Twenty‐five 
patients with ED and isolated penile artery stenoses (unilateral 
stenosis ≥70% or bilateral stenoses ≥50%) identified by pelvic 
computed tomographic angiography were enrolled. A total of 
20  patients (mean age 61 years; range 48–79 years) underwent 
 balloon angioplasty. Three patients had bilateral penile artery 
stenoses. Procedural success was achieved in all 23 penile  arteries, 
with an average balloon size of 1.6 mm (range 1.00–2.25 mm). The 
average International Index for Erectile Function‐5 (IIEF‐5) score 
improved from 10.0 ± 5.2 at baseline to 15.2 ± 6.7 (p <0.001)  at 
1  month and 15.2 ± 6.3 (p <0.001) at 6 months. Clinical success 

Table 76.2 Outcomes of penile revascularization surgery.

Study n Procedure
Follow‐up 
(months)

Overall intercourse 
success rates (%)

Jarow 1997 [36] 11 DDVA 50 92

Lukkarinen 1997 [37] 24 Hauri
F‐F

Not described 72

Manning 1998 [38] 62 Virag
Hauri

41 54

Manning 1998 [38] 42 DDVA Not described 57

Kawanishi 2000 [30] 18 DA
Hauri
F‐F

32 94

Sarramon 1997 [39] 114 DA
DDVA

17 63

Sarramon 2001 [40] 38 DDVA 61 N/A

Vardi 2002 [5] 61 N/A 60 N/A

Kawanishi 2004 [31] 51 Hauri 36–60 85.6

DA, dorsal arterialization; DDVA, dorsal artery to deep vein anastomosis; F‐F, Furlow–Fisher technique, arterialization of a dorsal vein segment (after ligating its 
proximal and distal ends including its circumflex branches); Hauri, three‐vessel anastomosis with side‐to‐side between the dorsal artery and vein, covered by a 
spatulated inferior epigastric artery; Virag, deep dorsal vein arterialization using the retrograde approach from the emissary veins.
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(change in the IIEF‐5 score ≥4 or normalization of erectile func
tion; IIEF‐5 ≥ 22) was achieved in 15 (75%), 13 (65%), and 12 
(60%) patients at 1, 3, and 6 months, respectively. Despite lack of 
angiographic follow‐up or the use of a control group in this study, 
the authors concluded that penile artery angioplasty is safe and 
can achieve clinically  significant improvement in erectile  function 
in 60% of patients with ED and isolated penile artery stenosis [48].

Endovascular therapy for PAI is currently limited to a few studies 
showing modest benefit. This therapy should be reserved for a very 
select population of patients who have been evaluated by a multi
disciplinary team for all potential causes of ED, and who have true 
PAI with anatomically suitable vessels for interventions after both 
functional assessment and invasive angiographic or computed 
tomographic imaging.

Patient selection and work‐up
Patients at risk for atherosclerosis or with established coronary 
artery disease or peripheral vascular disease can be screened for the 
presence of vascular ED using a five‐question subset of the IIEF 
questionnaire [32]. This is a validated, multidimensional, self‐
administered questionnaire used for the assessment of ED and 
treatment outcomes in clinical studies. The whole questionnaire 
consists of five separate response domains of sexual function: erec
tile function (questions 1–5, with a possible score of 25); orgasmic 
function (questions 9 and 10; possible score of 0–10), sexual desire 
(questions 11 and 12; possible score of 0–10); intercourse satisfac
tion (questions 6–8; possible score of 0–15); and overall satisfaction 
(questions 13 and 14; possible score of 2–10). A subset of five 

 questions are the Sexual Health Inventory for Men (SHIM, or 
IIEF‐5) which assesses erectile function by rating each question on 
a scale of 1 (almost never or never) to 5 (almost always or always). 
A score of 0 indicates no attempt at sexual intercourse [33]. A score 
of less then 17 is considered consistent with severe ED. These 
patients should be referred to an urologist who specializes in ED 
who can perform a focused examination to exclude other causes 
such as Peyronie’s disease (distortion of the architecture of the penis 
that does not allow intercourse irrespective of arterial supply). 
Additional blood tests such as testosterone levels, thyroid stimulat
ing hormone (TSH), and prostate specific antigen (PSA) should 
also be obtained. If these are normal, the patient should be referred 
for duplex ultrasonography with cavernosal injection for measure
ments of systolic and diastolic penile blood flow. A peak  systolic 
velocity (PSV) consistently exceeding 25 cm/s within 5 minutes of 
intracavernous injection will rule out PAI disease, while a PSV less 
than 25 cm/s has a sensitivity of 100% and a specificity of 95% in 
patients with abnormal pudendal angiography [34,35]. A persistent 
end‐diastolic flow velocity (EDV) (>5 cm/s) accompanied by quick 
detumescence after stimulation is consistent with venogenic impo
tence (venous leak through the emissary veins) and the patient is 
unlikely to benefit from restoration of  arterial inflow. Venogenic 
impotence occurs when there is incompetence of the venous drain
age of the penis resulting in failure of engorgement of the cavern
osal bodies leading to impotence. Patients with ED should be 
referred to urology or sexual medicine clinics and a duplex ultra
sound should be considered to assess for PAI. If they fail current 
medical therapy and have evidence of PAI with no venous leak then 
they may be considered suitable candidates for PAI restoration.

Table 76.3 Endovascular treatment of erectile dysfunction.

Study n Angiographic stenosis Technique Follow‐up Success rate

Castaneda‐Zunga 
1982 [41]

2 Internal iliac PTA 18 months 2/2 (100%)

Van Unnik
1984 [42]

1 External iliac PTA N/A 1/1 (100%)

Goldwasser
1985 [43]

1 Internal iliac N/A N/A 1/1 (100%)

Dewar
1985 [44]

30 70% aorto‐iliac
47% internal iliac

PTA N/A 10/33 (33%)

Angelini
1985 [45]

5 100% internal iliac PTA 2–18 
months

4/5 (80%)

Valji
1988 [22]

3 N/A PTA N/A N/A

Urigo
1994 [46]*

23 65% internal iliac
13% internal pudendal

N/A N/A 15/23 (65%)
3/3 (100%)

Rogers
2011 [47]

30 100% internal pudendal PTA and drug‐
eluting stents

3 months 68.2% had improvement in 
IIEF score >4 points

IIEF, International Index on Erectile Function; N/A, not available; PTA, percutaneous transluminal balloon angioplasty.
* In this study, 65% of patients with internal iliac artery had improvement in erectile function, while all patients with pudendal artery disease had successful 
outcomes.
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Angiographic technique
Various unpublished methods are used for angiographic evalua
tion of the pelvic penile blood flow. We propose the following 
step‐by‐step angiographic guide for adequate visualization 
of PAI.
1 A Foley catheter is placed in the bladder and the penis is stretched 

and taped to the contralateral thigh when selective angiography 
of internal iliac and pudendal artery is performed. Consider 
gonadal shielding as per institutional radiation safety standards.

2 Femoral arterial access is obtained. An AP conventional pelvic 
angiography is performed after placement of a pigtail catheter 
above the aortic bifurcation and digital subtraction angiography 
with iliofemoral run‐off is conducted (Figure 76.4). This allows 
an assessment of distal aorta, common and proximal internal 
iliac arteries. Additionally, it serves as a roadmap to locate the 
origin of the IPA or accessory vessels.

3 A 4 or 5 Fr diagnostic low profile catheter is then placed in the 
ostium of the internal iliac artery and selective angiography is 
performed. The origin of the vessel is best seen in the ipsilateral 
cranial oblique projection (20–30°). The mid and distal aspect 
of the vessel is best seen in ipsilateral oblique (20–30°) with 
mild caudal angulation 10–20° as shown in Figure 76.5a. The 
penis is positioned pointing to the contralateral side of injec
tion to allow visualization of run‐off into the penile vessels.

4 Penile vasodilatation may be necessary prior to angiography and can 
be accomplished by intracavernosal injection of 15 µg prostagladin 
E1. This serves to relax the cavernosal musculature and augments 
blood flow, vessel caliber, and markedly improves angiographic qual
ity. This is especially useful when the anatomy is not clearly demar
cated and the functional significance of a stenosis is uncertain.

5 Interventional therapy is frequently performed using 0.014‐inch 
wires and coronary balloons and DES. It is important to have 
one‐to‐one sizing of the vessel with no oversizing of the vessel 
(Figure 76.5b).

Figure 76.4 Aortogram in the AP projection showing the aorta, 
common iliac (CIA), external iliac (EIA), internal iliac (ILA), and 
common femoral arteries (CFA).

IPA

(a) (b)

Figure 76.5 (a) Left ipsilateral cranial oblique projection looking at the inferior division of the internal iliac artery showing a stenosis in the distal 
internal pudendal artery (IPA). (b) The IPA after placement of a Resolute stent in the distal segment. Red arrow shows a stenotic segment.
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Conclusions
ED and PAI disease coexists with a high frequency (~76%). Patients 
who have ED without psychogenic or organic cause should be 
referred for Doppler ultrasound examinations in collaboration with 
a urologist. While there is limited experience using contemporary 
endovascular therapies for this indication, this avenue promises to 
be an exciting and evolving field that is slowing gaining momentum 
in the context of the recent emerging evidence for benefit with min
imal risk. Future randomized trials should fully evaluate the role of 
endovascular therapy for ED.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Approximately one‐third of peripheral arterial occlusive disease 
(PAOD) affects the aorto‐iliac segment in Western populations [1]. 
The prevalence of PAOD is reported to be 16% in patients aged 
60–69, rising to 34% in those aged over 70 years [2]. While the 
TransAtlantic Inter‐Society Consensus (TASC‐II) guidelines [3], 
published in 2007, recommend endovascular treatment for type A 
and B lesions, the accumulation of experience, and improvements 
in equipment (lower profile wires and balloons, re‐entry devices) 
and imaging have rapidly allowed TASC‐II C and even D lesions to 
be successfully treated using endovascular means.

There is evidence for percutaneous coronary intervention (PCI) to 
be considered first line therapy even for complex and long aorto‐iliac 
stenoses and occlusions [4] and hence many authors now advise a far 
more aggressive PCI approach than the original TASC‐II treatment 
recommendations. In fact, the March 2015 Society of Vascular 
Surgery guidelines [5] recommend PCI as first line treatment in all 
aorto‐iliac occlusive disease (AIOD) classes, and reserve surgery only 
for failed PCI and severe disease in presence of aortic aneurysms. 
This recommendation is further strengthened by s tudies showing 
that PCI does not preclude further surgical options in AIOD [6].

In a diseased vessel that is not completely occluded, the true 
lumen is still visible, hence there is usually no need to cross a blind 
segment and usually no acute blood clots are present. The TASC‐II 
D subtype comprises lesions of greatly varying technical complexity 
for PCI because both long segment occlusions and multifocal sten
oses are included. In practical terms, it is more useful to separate 
chronic total occlusions (CTO), acute occlusions, and stenoses 
because they each present unique challenges for PCI. Here we 
d iscuss the current recommended treatment guidelines for these 
categories and other special subsets.

Clinical presentation and diagnosis
Patients with AIOD typically present with symptoms of chronic 
limb ischemia although acute on chronic presentations are also 
occasionally seen.

Acute limb ischemia (ALI) is defined as sudden reduction of 
limb perfusion, usually within 14 days, which threatens limb viabil
ity. In the AIOD territory, acute presentations usually relate to graft 
or stent thrombosis, in situ thrombosis of a diseased segment, and, 

less likely, occlusion by an acute embolus. Acute and subacute 
(less than 30 days) occlusions should first be considered for surgical 
treatment, although pharmacomechanical lysis options are availa
ble. Caution is needed because of the large amount of thrombus 
load which increases the risk of distal embolization, and, concur
rently, the treatment chosen should be expedient to prevent 
i rreversible tissue necrosis and reperfusion syndrome. ALI is covered 
in greater detail elsewhere in the book.

Chronic limb ischemia (CLI) tends to present in an insidious 
fashion but is far more common than ALI. Severity can be classified 
using the Rutherford [7] and Fontaine scales, and ranges from 
asymptomatic subclinical disease to gangrene.

Claudication caused by stenosis results from the inability of the 
vessel segment to increase demand‐related blood flow to the muscle 
during times of increased activity (e.g., walking). Patients report 
pain or fatigue during walking which is relieved with rest, gait dis
turbances, and reductions in walking speed. This can greatly impair 
patients’ quality of life. Conservative treatment with supervised 
progressive walking programs and medial therapy (e.g., cilostazol) 
should be attempted first for several months. Endovascular 
t reatment can be offered to patients who fail or are unsuitable for 
conservative therapy.

Critical limb ischemia refers to rest pain and tissue loss (ulcera
tion, gangrene) when blood flow is insufficient to even meet the 
resting metabolic tissue requirement. Typically, rest pain is relieved 
partially by gravity dependent positioning of the limb below the 
level of the heart (e.g., sitting position or hanging the leg over the 
side of the bed).

On physical examination, a bruit over the lower abdomen and/or 
a weak or absent femoral pulse can be detected. The lower extremi
ties should be examined for signs of ischemia. The ankle‐brachial 
index (ABI) is a quick measurement of the overall perfusion at the 
level of the distal extremity but is unable to quantify the extent and 
severity of disease in each segment of the lower limb.

Arterial imaging can be performed using non‐invasive (ultra
sound, CT, or MR angiography) or invasive (catheter angiography, 
pressure gradients, intravascular ultrasound) methods; the latter 
usually combined with treatment.

Ultrasound remains the cornerstone of preoperative imaging 
because it offers cheap, high resolution, real‐time information 
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about the anatomy and flow dynamics of the vessel segment. 
However, imaging of the aorto‐iliac segments is difficult with 
ultrasound alone because of interference by overlying bowel 
loops and reduced signal with increasing depth. Abnormal wave
forms (i.e., loss of the normal triphasic waveform) at the groin 
does raise suspicion of inflow disease in the AIOD, but can also 
result from distal disease. We find preoperative imaging of this 
segment with CT or MR angiography very useful to define the 
extent and nature of the occlusion. Non‐contrast MR angiogra
phy techniques are possible for patients with contraindications to 
intravenous gadolinium‐based contrast (typically, patients with 
advanced renal failure).

percutaneous intervention
AIOD lesions can be approached using one or more of four main 
access ports: ipsilateral common femoral artery, contralateral 
common femoral artery (CFA), upper limb artery (e.g., brachial 
or radial), or ipsilateral distal artery (e.g., popliteal). The choice 
depends on the location of the primary lesion, associated lesions 
en route to the lesion, and size of instruments desired to be con
veyed to the treatment site. In practical terms, the femoral retro
grade access is most commonly used. Ipsilateral approaches 
offer better vis‐a‐tergo and torque hence improving maneuver
ability of the catheter or wire. Conversely, the contralateral ante
grade access allows crossing in the direction of flow, and allows 
better imaging to be performed showing the proximal and distal 
reconstituted s egments. Realistically, both groins should be 
p repared for every intervention to allow change of access site if 
needed.

For non‐CTO lesions, a single contralateral CFA access can be 
sufficient to treat the aorto‐iliac and infra‐inguinal disease. For origin 
or bifurcation lesions, bilateral access is often required (see section 
on bifurcation lesions). For CTOs, ipsilateral and contralateral or 
arm access facilitates definition of extent of disease and lesion 
crossing. In rare cases, popliteal access is chosen to traverse long 
contiguous CTOs of the iliac and femoral segments.

Premedication with oral aspirin is normally given, with some 
authors adding oral clopidogrel. Intravenous heparin is typically 
given according to body weight (70 units/kg), to achieve activated 
clotting times of 220–250 s. Post‐stenting, aspirin should be continued 
lifelong, while thienopyridines such as clopidogrel or prasugrel are 
given for at least 1 month [8].

The choice of wire platform and balloon for angioplasty is very 
much operator dependent, and no consensus exists as to the ideal 
strategy. We tend to use the 0.014‐inch platform for most cases 
because it allows larger 0.018‐inch platform and even 0.035‐inch 
platform balloons to advance over the wire. When more support is 
needed, we then exchange for larger platform wires after initial 
dilatation.

Some authors recommend predilatation with a balloon sized 
about 2 mm smaller than the native vessel diameter [9,10], to pre
vent distal embolization; others recommend primary stenting for 
the same purpose.

Aorto‐iliac stenoses
The Cardiovascular and Interventional Radiological Society of 
Europe (CIRSE) guidelines [4] on AIOD, published in 2012, recom
mend PCI as first line for TASC‐II A–C due to low morbidity and 
mortality, and over 90% technical success (class 1 recommendation, 
level of evidence C).

Studies comparing PCI with open surgical treatments for AIOD 
have shown approximately equivalent patency, limb salvage, and 
overall survival rates, yet lower morbidity and mortality than surgi
cal reconstruction [6,10,11].

Kashyap et al. [6] provided a detailed comparison of PCI versus 
open surgery. They observed worse post‐PCI patency rates in 
younger patients. Conversely, worse post‐surgery patency was 
noted in diabetics and presence of poor runoff to the lower extrem
ity. A small diameter aorta also appears to perform poorly post 
open bypass [12].

Indes et al. [2] reviewed all patients who underwent open and 
endovascular procedures within the HCUP‐NIS (a large American 
inpatient database of over 8 million hospital stays per year) within 
the 2004–2007 period, and reported an overall inpatient complica
tion rate of 16% in the PCI group compared to 25% in the open 
surgical group (p <0.001). Further, average length of stay was 
2.2 days versus 5.8 days, while total inpatient cost was $13,661 ver
sus $17,161, both in favor of PCI (p <0.05).

Sachwani et al. [10] reviewed patients (January 2000 to December 
2011) with symptomatic (intermittent claudication 69%; rest pain 
19%; and toe gangrene 15%) iliac occlusions who underwent PCI 
(n = 100 patients) or aorto‐bifemoral graft bypass (n = 101 patients). 
Open bypass was preferred for patients with long segment common 
iliac artery (CIA) or external iliac artery (EIA) occlusions with 
heavy calcifications and infra‐inguinal disease and also patients 
with previous failed PCI/stent interventions, and small diameter 
vessels. While the primary patency rate after 72 months was higher 
in the surgical group (91% vs. 73%; p = 0.01), the secondary patency 
rate was not significantly different. Target lesion revascularization 
(TLR) in the PCI group involved catheter‐directed thrombolysis, 
restenting, and balloon angioplasty. TLR in the bypass group 
required open thrombectomy or catheter‐directed thrombolysis. 
The authors also observed a trend favoring PCI over bypass toward 
the latter half of their study period, attributed to increasing experience 
and availability of technical aids.

chronic totally occlusive lesions
The PCI procedure in a chronic total occlusion can be technically 
challenging. Ultrasound, fluoroscopic, or roadmap guidance can be 
helpful to puncture a pulseless femoral artery [10]. Bilateral femoral 
artery, and in some cases brachial access may be needed to provide 
both antegrade and retrograde imaging and wiring. The tram‐track 
calcifications of an occluded vessel are often very helpful during 
wire crossing, and should be viewed in orthogonal planes on high 
quality angiography equipment.

Many authors recommend the use of an angled catheter (e.g., 
5 Fr Kumpe, Cook Inc., Bloomington, IN, USA) and a 0.035‐inch 
hydrophilic wire (Glidewire, Terumo Medical, Japan). Alternatively, 
low profile support microcatheters (CXI, Cook Inc.) and 0.014‐
inch weighted CTO wires (e.g., Winn 40, 80, Abbott Medical) can 
be used. A combined antegrade and retrograde approach can be 
very useful in limiting the subintimal dissection to the affected seg
ment, and assisting in re‐entry. Often, the catheter can be “selected” 
from the contralateral access, thereby alleviating the need for an 
expensive snare device.

Re‐entry devices such as Outback (Cordis Johnson & Johnson), 
Frontrunner (Cordis), and Pioneer IVUS catheter (Medtronic) 
have been used in only a minority of cases in several large series 
[10], suggesting that the simple and cost‐effective wire and catheter 
technique suffices in the majority of patients. This has also been our 
experience, where re‐entry devices are required in less than 5% of 
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cases (unpublished data). The re‐entry device serves to direct a wire 
in the subintimal plane back into the patent true lumen beyond the 
distal cap of the occlusion.

Jongkind et  al. [13] published a systematic review of PCI for 
TASC C and D subtype AIOD in 2010 based on 19 studies (n = 1711 
patients) published between the years 2000 and 2009 which fit the 
systematic review criteria. PCI with or without combined surgical 
techniques for the aorto‐iliac and outflow were used, and primary 
stenting with bare metal stents (BMS) or stent grafts performed in 
most studies. Technical success was 86–100%, improvement in 
c linical outcome 83–100%, morbidity 3–45% (comprising access 
site hematoma, distal embolization, arterial dissection, pseudo
aneurysms, or rupture). Primary and assisted patency rates were 
70–97%, 88–100% at 1 year, respectively and 60–86%, 80–98% at 4 
or 5 years, respectively.

Stents: covered and uncovered
Overall primary patency of stents is 85–95% at 1 year, 70–85% at 
3 years, and 55–75% at 5 years [10,14–16]. The CFA is an area of 
high biomechanical stress, considered by many as a “no‐stent area,” 
and is t raditionally a surgical lesion. This is contributed by a rela
tively easy surgical exposure of the EIA for endarterectomy, compared 
to the aorto‐iliac and infra‐inguinal segments. Lesions extending 
from the EIA into the CFA have hence been approached in a com
bined fashion (e.g., stent implantation with femoral patch plasty).

The severity of AIOD has a bearing on stent selection. Kudo et al. 
reported worse outcomes (increased risk for recurrent disease) after 
stenting for TASC‐II C and D compared to A and B [17]; however, 
Sixt et al. [18] reported comparable primary patency rates at 1 year 
of 98–100% irrespective of TASC‐II lesion type.

Suero et  al. [19] performed a retrospective analysis of 99 con
secutive patients with claudication (n = 70) and critical limb 
ischemia (n = 29) treated for occlusive EIA disease. The mean lesion 
length was 42.2 mm. Balloon angioplasty alone was used in seven 
limbs and stenting with self‐expanding (n = 65), balloon expanda
ble (n = 24), or covered stents (n = 12) in 101 lesions.

The recent STAG trial [15] (stents vs. angioplasty for the treat
ment of iliac artery occlusions) compared primary stenting and 
b alloon angioplasty for symptomatic iliac artery occlusions of up to 
8 cm in length (n = 112 patients). It showed no difference between 
the two groups in primary and secondary patency of the iliac 
s egment; however, stenting was associated with improved technical 
success and reduced procedure complications.

Lesion length also appears to correlate to stent patency. While 
there is no universal definition of a long AIOD lesion, 100 mm 
appears to be the cut‐off favored by most authors. A 2014 study (for 
TASC B–D lesions) by Benetis et al. showed a significant difference 
in patency rates for stents greater versus those less than 61 mm: 1 
and 2 year patency rates of 90.6% and 86.6% versus 67.7% and 
60.2%, respectively, in favour of the shorter stents [20].

Primary stenting (without predilatation) versus stenting after 
initial balloon angioplasty remains an unresolved issue. Primary 
stenting of the affected segment (without predilatation) has been 
considered by several authors as a strategy to reduce emboliza
tion, by trapping clot/atheroma between the stent and vessel 
wall. Further, primary stenting can result in less neointimal 
hyperplasia.

The issue of primary versus selective stenting for iliac stenoses 
has been much debated. In 1998, Tetteroo et  al. [21] published 
results of a randomized trial comparing primary stenting (n = 143 
patients) with angioplasty with selective stenting (n = 136 patients) 

for patients presenting with intermittent claudication. They found 
no difference in short and long‐term outcomes between the groups, 
including technical success, quality of life, 2‐year patency, and 
re intervention rates. They concluded that the latter option (selective 
stenting) should be used because of its lower overall cost. However, 
note that this trial mainly focused on TASC A and B lesions.

Conversely, Bosiers et  al. [22] reported subgroup analysis of 
TASC A and B lesions treated under the BRAVISSIMO study and 
concluded that primary stenting is the preferred option for TASC 
A/B lesions, with a 12 month primary patency of 94% for TASC A, 
and 96.5% for TASC B lesions (p = ns).

Ye et  al. [14] performed a meta‐analysis of studies reported 
between 2000 and 2010 (16 articles, n = 958 patients) for TASC C 
and D lesions, and demonstrated 1‐year primary patency rates of 
92.1% for primary stenting and 82.9% for selective stenting although 
not statistically significant.

Bechter‐Hugl et al. [1] studied outcomes of primary stenting for 
symptomatic iliac occlusions, and found 1, 3, 5, and 7 year primary 
patency rates of 90.3%, 77.2%, 60.2%, and 46.4% for women, and 
89.9%, 71.%, 63.6%, and 59.7% for men, respectively (p = ns). 
However, on subgroup analysis, younger age was found to adversely 
affect outcomes: restenosis rates were 23.9% in men and 22.1% in 
women older than 63.5 years, and 32.1% in men and 49.1% in 
women younger than 63.5 years, respectively (p <0.05).

Other factors limiting stent patency are the quality of the distal 
runoff, critical limb ischemia (as opposed to claudication), diabetes, 
and subintimal recanalization [14].

Balloon expandable stents are made of cobalt‐chromium or 
stainless steel. In the iliac segment, the patency of both types of 
stents appears equivalent; however, there are some practical differ
ences. Balloon expandable stents tend to be more difficult to 
maneuver through tortuous or calcified vessels as they are much 
stiffer. Their maximum available length is also about 8 cm for this 
reason. When advanced without a long sheath (“bare‐back”), there 
is a tendency for the stent to get caught on calcific plaque and slip 
off the balloon. However, the balloon stent deployment is very 
accurate as there is no tendency for the stent to “jump” during 
deployment— hence these are good for placement “flush” with the 
origin of the contralateral common iliac, or the internal iliac artery.

Self‐expandable stents are usually made of nickel‐titanium alloy 
(nitinol). The available lengths are much longer (up to 150 cm) in 
diameters of 6–10 mm. As the stent is much more flexible, it can be 
advanced through calcified or tortuous vessels more easily. As it 
comes constrained within a sheath, there is no tendency for the 
stent to dislodge. However, it does tend to “jump” forward during 
initial deployment, although improvements in delivery systems 
have minimized this.

COBEST [23] was a prospective, randomized, multicenter, con
trolled trial in severe AIOD (n = 125 patients, 168 iliac arteries), 
with patients randomly assigned to receive balloon‐expandable 
BMS (varied) or balloon‐expandable stent grafts (Advanta V12, 
Atrium Medical). The covered stent group was more likely to 
remain free of binary restenosis and occlusions, particularly for 
TASC C and D lesions. The ongoing randomized, prospective, 
d ouble‐blind DISCOVER trial [24] should provide further g uidance 
in this issue.

Our preference is to use self‐expanding stents, generally 7–10 mm 
diameter in the common iliac segment, and 5–8 mm in the EIA, 
depending on the native diameter of the vessel. Others have 
reported preference for balloon expanded stents in the CIA seg
ment, because of more accurate placement. We always review the 
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patient’s previous cross‐sectional imaging (CT, MRI) as this can be 
very useful in estimating the native diameter of the diseased vessel 
prior to angiography for accurate stent sizing.

Bifurcation lesions
Reconstruction of the aorto‐iliac bifurcation with “kissing” angio
plasty and/or stenting represents a special category because of the 
added complexity. Bilateral femoral, and sometimes brachial, 
access is required for simultaneous antegrade/retrograde access, 
and placement of balloons and stents. Both self‐expanding or bal
loon expandable stents can be used, but the same type should be 
implanted in bilateral ostial iliac locations. However, certain lesions 
can be heavily calcific or heavily fibrotic in a way that may obviate 
the use of self‐expanding stents because of their lower radial force; 
such cases are better targeted with balloon expandable stents. When 
a deep dissection or localized perforation is feared, a covered stent 
should be utilized.

Kissing stents should be deployed simultaneously, and extended 
0.5–1.5 cm into the distal aorta. The covered endovascular recon
struction of aortic bifurcation (CERAB) technique uses three 
b alloon expanded covered stents to reconstruct the aortic bifurcation 
for TASC‐II C and D lesions.

Complications
Complication rate from the literature is 7–20% overall [9,10,15,25], 
with expectedly worse outcomes for more severe cases. A meta‐
analysis [14] reported overall mortality rate of 2.9% and morbidity 
rate of 15.3% for AIOD PCI (for TASC C and D lesions). Typical 
complications include groin hematomas, arteriovenous fistulas, 
pseudoaneurysms, and acute stent thrombosis (about 3% overall). 
Distal embolization from fragmentation of clot and atheroma 
occurs in up to 5% [9,10] and can be treated in most cases with 
aspiration thrombectomy using a long guiding catheter.

The most feared complication of AIOD PCI is iliac artery rup
ture, reported in 1.73% (range 0.2–3.4%) of patients [4,10]. Because 
of the high volume flow in the iliac segment (over 200 mL/minute at 
rest) and the surrounding potential space which can accommodate 
a large blood volume, catastrophic bleeding can occur rapidly if 
undiagnosed. Maintaining wire access and early detection is criti
cal. A range of stent grafts should be maintained in the procedure 
suite for this purpose. In the interim, balloon tamponade should be 
performed using low pressure inflation of an angioplasty balloon, 
typically the same balloon that was used for angioplasty prior to 
rupture. Reversal of heparin with intravenous protamine sulfate 
(typically, 10 mg for every 1000 units heparin given, up to maxi
mum of 50 mg protamine), blood transfusion, and ICU monitoring 
may be indicated.

For stent thrombosis, anticoagulant therapy regimens are essen
tial, and comprise combinations of low molecular weight heparin 
until discharge from hospital, lifelong oral aspirin (81–325 mg/day), 
and clopidogrel 75 mg/day.

Open surgical repair studies report significantly higher rates of car
diac arrest, hematoma, blood transfusion requirements, respiratory 
complications, post operative infections, and seroma formation [2].

Conclusions
There is little doubt that in this day and age, AIOD can be man
aged through an endovascular approach because of comparable 
long‐term results, a relatively low barrier to re‐treatment even for 

recurrent disease, and preservation of surgical option if all else 
fails. Primary stenting remains an area of some controversy 
because although medium‐term results are good and somewhat 
better than angioplasty alone, the downside of leaving permanent 
metal behind should be weighed, especially for younger, active 
patients.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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In the USA, peripheral arterial disease (PAD) affects 8–12 million 
people. Almost 20% of the population older than 70 years of age has 
signs or symptoms of PAD [1–3]. Intermittent claudication (IC), 
defined as pain in the muscles of the leg with ambulation, is the 
earliest and most frequent presenting symptom in patients with 
lower extremity PAD. As the disease progresses in severity patients 
experience pain at rest, especially when the legs are elevated in bed 
at night, which is relieved by dependency. Although claudication 
symptoms are typically localized in the calf or the thigh, “rest pain” 
is characteristically present in the foot. In the late stages of PAD, 
tissue hypoperfusion progresses to ischemic ulceration and gangrene, 
and major amputation is eventually required in more than one‐
third of these patients [4]. For patients with IC, approximately 20% 
have progressive symptoms and 1–2% develop critical limb 
ischemia (CLI) within 5 years with a 1‐year mortality rate of about 
20% in several series [5–7].

The femoral‐popliteal segment is the most commonly involved 
compartment among atherosclerotic PAD [8] comprising around 
60% of PAD lesions [9,10]. Femoral‐popliteal lesions are usually 
long and have varying degrees of calcification with most of these 
lesions being TransAtlantic Inter‐Society Consensus (TASC) C and 
D lesions [11,12]. Endovascular techniques and strategies have rap
idly evolved over the past decade and have become the initial strat
egy for most femoral‐popliteal lesions. Even in complex lesions, 
such as in patients who present with CLI, the endovascular approach 
is the preferred choice in most cases.

Endovascular interventions
The last few years have seen an increase in the use of percutaneous 
interventions for superficial femoral artery disease in the setting of 
symptomatic PAD. Proponents of endovascular therapy cite two 
contentions to justify continued use of these modalities. The first is 
that the decrease in durability is offset by the less invasive nature of 
endovascular interventions and resultant decrease in morbidity. 
The second reason is that it is infrequent for a patient to have clinical 
or angiographic worsening upon failure of an endovascular intervention 
and so interventions can be repeated if they fail [7].

The following endovascular techniques have been used for 
r ecanalization of the superficial femoral arteries:
• Balloon angioplasty (percutaneous transluminal angioplasty; PTA);
• Bare metal stents;
• Drug‐eluting stent placement;
• Drug‐eluting balloon angioplasty;
• Cryotherapy;
• Atherectomy.

Balloon angioplasty
The main advantages of balloon angioplasty (PTA) are its low 
complication rate of 0.5–4%, high technical success rates 
approaching 90% even in long occlusions (Figure 78.1a–d), and 
good clinical outcomes [11,13]. Conventionally, PTA has been the 
mainstay therapy for revascularization in aorto‐iliac, femoro
popliteal, and below‐the‐knee arteries, and in many interven
tional centers PTA still is the first and most frequently used 
endovascular therapy [14].

Several trials have compared medical therapy, endovascular 
intervention, and surgery in symptomatic patients with disease in 
the superficial femoral artery (SFA). A meta‐analysis that compared 
exercise therapy with PTA in patients with IC reported at 3 months’ 
follow‐up, the ankle‐brachial index (ABI) was significantly 
improved in the angioplasty group but not in the exercise group 
with similar quality of life outcomes [15]. A cost‐effective analysis 
between endovascular therapy, PTA, surgery, and exercise alone 
showed that endovascular therapies were more effective than 
e xercise alone, and the cost‐effectiveness ratio was within the 
g enerally accepted range [16].

Despite advances in endovascular technologies, long‐term 
patency rates of femoral‐popliteal interventions are poor when 
compared with iliac interventions [17,18]. PTA of the SFA has a 
high rate of technical success, but target lesion revascularization 
(TLR) and target vessel revascularization (TVR) remains high at 
30–80% at 6 months [19], especially in total occlusions and longer 
diseased segments. Failure rates can be as high as 70% at 1 year in 
long lesions [20,21].
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Moreover, there is no evidence to support the superiority of endo
vascular treatment over saphenous vein bypass for SFA disease. 
However, there is a single multicenter prospective randomized study, 
the Bypass Versus Angioplasty in Severe Ischemia of the Leg (BASIL) 
trial, which investigated the difference between angioplasty and open 
surgical repair for infrainguinal PAD and CLI in 452 patients and 

c oncluded that there was no difference in the primary outcome of 
6‐month amputation‐free survival between the two treatment modali
ties [22]. However, the updated results with 3‐ to 7‐year follow‐up 
showed that while bypass surgery using veins as conduits offered the 
best long‐term amputation‐free survival, balloon angioplasty appeared 
to be superior to a polytetrafluoroethylene bypass procedure [23].
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Figure 78.1 Percutaneous transluminal angioplasty (PTA) of occluded distal popliteal artery via infrapopliteal retrograde transcollateral 
approach: (a) occluded distal popliteal artery with reconstitution in the posterior tibialis artery; (b) 0.014‐inch wire in the posterior tibialis artery 
via geniculate collaterals; (c) retrograde recanalization of distal popliteal artery; (d) PTA distal popliteal artery via retrograde approach; (e) post‐PTA 
angiogram.



728 PART IV Vascular Disease for the Interventionalist SECTION III Peripheral Arterial Disease

Bare metal stents
Stent placement for femoral popliteal disease has gained progres
sive attention. However, there is no level 1 evidence for primary 
stenting in this segment. Several studies have shown mixed results, 
although the preponderance of the data do not support primary 
stenting in all cases. Stents avoid the problems of early elastic recoil, 
residual stenosis, and flow‐limiting dissection after PTA and can 
thus be used for the treatment of long and complex lesions, even in 
heavily calcified arteries [17].

Several randomized controlled trials have compared PTA with 
self‐expanding nitinol stents in femoral‐popliteal segment. The 
Femoral Artery Stenting Trial (FAST) compared PTA with primary 
stenting in short superficial femoral lesions (<50 mm) and showed 
no statistically significant difference between the two treatment 
modalities in the primary endpoint of ultrasound‐assessed binary 
restenosis at 12 months [18]. Moreover, no statistically significant 
differences were seen in TLR, improvement in resting ABI, 
and  improvement by at least 1 Rutherford category of peripheral 
arterial disease.

For longer lesions (>50 mm) randomized trials of PTA versus 
primary stenting have shown the benefit of stenting over PTA. In 
the ABSOLUTE trial [17], 104 patients with severe claudication or 
chronic limb ischemia caused by stenosis or occlusion of the super
ficial femoral artery were randomly assigned to undergo primary 
stent implantation or angioplasty. The results revealed that at 
6 months the rate of restenosis on angiography was 24% in the stent 
group and 43% in the angioplasty group (p = 0.05); at 12 months the 
rates on duplex ultrasonography were 37% and 63%, respectively 
(p = 0.01). Patients in the stent group were able to walk significantly 
further on a treadmill at 6 and 12 months than those in the angio
plasty group. Data reported after 2 years sustained the morphologic 
benefit and showed a trend toward clinical benefit of stents for 
longer lesions [24]. In the RESILIENT trial, a total of 206 patients 
from 24 centers in the USA and Europe with obstructive lesions of 
the superficial femoral artery and proximal popliteal artery pre
senting with intermittent claudication were randomized to implan
tation of nitinol stents or PTA [25]. The mean total lesion length 
was 71 mm for the stent group and 64 mm for the angioplasty group. 
At 12 months, freedom from TLV was 87.3% for the stent group and 
45.1% for the angioplasty group (p <0.0001). Duplex ultrasound‐
derived primary patency at 12 months was better for the stent group 
(81.3% vs. 36.7%; p <0.0001). In the 3‐year follow‐up, freedom from 
TLR at 3 years was significantly better in the stent group (75.5% 
vs.  41.8%; p <0.0001), as was clinical success (63.2% vs. 17.9%; 
p <0.0001) [26].

Drug‐eluting stents
The proven efficacy of drug‐coated stents in the treatment of coro
nary artery disease gave rise to the notion that they might have a 
better patency than bare‐metal stent (BMS) in patients with PAD. 
Metallic stents with good radial strength obliterate recoil and man
age dissections, but in‐stent restenosis remains the Achilles heel, 
especially in patients with CLI and those with poor infrapopliteal 
arterial run‐off [27,28]. The 12‐month primary patency rates of 
BMS in the SFA range between 50% and 65% [29,30]. Other factors 
contributing to poor patency are stent fracture and vessel kinking at 
the adductor’s canal and popliteal segment. The former is caused by 
internal and external rotation, compression and expansion; the lat
ter is secondary to high flexion forces. With the advent of drug‐
eluting stents (DES) the panorama appears to be changing, although 

the first multicenter randomized double blind trial of DES versus 
BMS, the Sirolimus‐Coated Cordis Self‐expandable Stent 
(SIROCCO), did not yield positive results, showing lack of signifi
cant difference in restenosis between groups [31]. The most recent 
Zilver PTX study demonstrated appreciable clinical efficacy in 
symptomatic femoropopliteal disease patients [32]. This study was 
a prospective, multinational, randomized controlled trial that com
pared the Zilver PTX stent with PTA and provisional BMS place
ment. Results showed that the primary DES group demonstrated 
significantly superior 2‐year event‐free survival (86.6% vs. 77.9%; 
p = 0.02) and primary patency (74.8% vs. 26.5%; p <0.01). In addi
tion, the provisional DES group exhibited superior 2‐year p rimary 
patency compared with the provisional BMS group (83.4% vs. 
64.1%; p <0.01) and achieved higher sustained clinical benefit 
(83.9% vs. 68.4%; p = 0.05). Two‐year freedom from TLR with pri
mary DES placement was 80.5% in the single‐arm study and 86.6% 
in the randomized controlled trial. However, the trial was criticized 
for treating only short lesions, thus not representing real‐world 
experience.

Drug‐eluting balloons
Drug‐coated balloons (DCBs) are an attractive alternative to DES as 
they can deliver an antiproliferative agent, which ameliorates the 
process of neointimal proliferation and leaves no stent behind. 
There are three key features in the use of DCBs [33]. First, vessel 
preparation (PTA utilizing a non‐coated undersized balloon) fol
lowed with a DCB to facilitate even distribution of the drug. Second, 
the antiproliferative preferred agent is paclitaxel, as it tends to stay 
in the local microenvironment, thus increasing its inhibitory effects 
on intimal cell proliferation. Third, the preferred delivery system is 
a hydrophilic spacer, which can deliver the drug in a very short time 
frame with minimal loss into the systemic circulation. Prolonged 
drug elution is not necessary to obtain sustained inhibition of 
i ntimal hyperplasia [34]. Nonetheless, delivery of the antiproliferative 
drug during the most active phase of neointimal proliferation 
should be enough to decrease restenosis.

Several trials have paved the way for the use of DCBs in PAD. 
The THUNDER trial (Local Taxane with Short Exposure for 
Reduction of Restenosis in Distal Arteries) was the first human trial 
of DCB in non‐coronary arteries [35]. It was a multicenter study 
with a three‐way randomization protocol consisting of 154 patients 
with severe disease or total occlusion of the femoropopliteal seg
ment. The first group was treated with a paclitaxel‐coated balloon, 
the second group was treated with a standard uncoated balloon and 
the third group was treated with an uncoated balloon with pacli
taxel dissolved in iopromide contrast medium. The mean lesion 
length was 7.4 cm. The primary endpoint was 6‐month angio
graphic late lumen loss (LLL). The paclitaxel‐coated balloon group 
had a marked reduction in LLL (0.4 ± 1.2 mm vs. 1.7 ± 1.8 mm vs. 
2.2 ± 1.6 mm; p <0.001) when compared with the other two groups. 
TLR at 6 months was reduced in the paclitaxel‐coated balloon when 
compared with the standard uncoated balloon (4% vs. 29%; 
p = 0.001). These favorable DCB effects were sustained at 24‐month 
follow‐up. Also, at 5 years, the decrease in LLL persisted [36]. 
However, TLR rates were not statistically different from the group 
of uncoated balloon with paclitaxel dissolved in contrast medium 
(4% vs. 29%; p = 0.41).

The FEMPAC (femoral paclitaxel) trial [37] randomized 87 
patients in a 1 : 1 fashion between standard uncoated balloon and 
paclitaxel‐coated balloon. Femoropopliteal lesions were short in 
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length (5.7 vs. 6.1 cm). Results were similar to THUNDER trial. At 
6‐month follow‐up, the primary endpoint of LLL was significantly 
lower in the DCB group (0.5 ± 1.1 mm versus 1.0 ± 1.1 mm; 
p = 0.031). Similarly, TLR rates were lower in the DCB group (6.7% 
vs. 33%; p = 0.002). These results were sustained at 18 months. 
There was significant improvement in Rutherford class, but there 
was no significant difference in ABI. These multicenter trials were 
limited to relatively short, non‐complex femoropopliteal lesions, 
heterogeneous study subjects, unconventional endpoints, angio
graphic follow‐up limited to only 6 months, and small sample sizes.

The Lutonix Paclitaxel‐Coated Balloon for the Prevention of 
Femoropopliteal Restenosis (LEVANT 1) trial [38] was a prospec
tive, multicenter, randomized study, which evaluated the safety of 
paclitaxel‐coated MOXY balloon. A total of 101 patients with de 
novo and restenotic femoropopliteal lesions with CLI were rand
omized to paclitaxel‐coated balloon (49 patients) or standard 
uncoated balloon (52 patients). The lesion lengths were 80.8 and 
80.2 mm (varied from 4 to 15 cm). The primary endpoint of LLL at 
6 months was significantly lower in the DCB group (0.46 vs. 
1.09 mm; p = 0.016). In subgroup analysis, the DCB group showed 
significant reduction in LLL when compared with those patients 
who underwent PTA with an uncoated balloon. Also, the DCB 
group continued to demonstrate a reduction in LLL when com
pared with those patients who underwent stenting (26 patients) 
because of failed PTA (however, the trial was underpowered to con
clude that there is a statistical difference between the stent and DCB 
groups). Composite 24‐month major adverse events were lower in 
the DCB group (39%) than the non‐DCB group (46%). These trials 
demonstrated that incomplete balloon expansion and geographic 
miss resulted in a significant decrease in primary patency and TLR 
rates at 12 months [39].

The Paclitaxel‐coated Balloons in Femoral Indication to Defeat 
Restenosis (PACIFIER) trial [40] was a prospective, multicenter, 
randomized controlled single‐blinded study, which enrolled 85 
patients with 91 femoropopliteal lesions (44 were treated with 
the In.Pact Pacific DCB and 47 with standard uncoated balloon). 
The mean lesion length was 70 mm in the DCB group and 66 mm in 
the standard uncoated balloon group. The study met its primary 
endpoint (reduction in LLL at 6 months) where the In.Pact Pacific 
DCB balloon group had significant reduction in LLL at 6 months 
(–0.01 vs. 0.65 mm; p = 0.0014). Also, the DCB group had better 
TLR rates at 6 months (7.3% versus 22%; p = 0.06). In a subgroup 
analysis, the benefits of DCB with regards to LLL were seen irre
spective of the lesion type or its length. At 12 months, the DCB 
group had fewer adverse events (death, amputation, or TLR) than 
the standard uncoated balloon group (7.1% vs. 34.9%; p = 0.003). A 
meta‐analysis [41] of the THUNDER, FEMPAC, LEVANT I, and 
PACIFIER trials showed improved results with DCBs at a median 
follow‐up of 10.3 months (significant reduction in TLR, LLL, and 
angiographic restenosis without an increase in adverse events).

Some of the more recent trials such as IN.PACT SFA I (European 
arm) and II (US arm) [42] are ongoing multicenter randomized 
studies. These trials intend to assess the safety and efficacy of the 
Admiral DCB in femoropopliteal lesions. Preliminary 12 month 
results of 331 patients randomized in a 2 : 1 fashion (220 in the DCB 
group and 111 in the standard balloon PTA group) across Europe 
(150 patients) and the USA (181 patients) showed that the DCB 
group did better (p <0.001) than the standard uncoated balloon 
group in terms of primary patency (82.2% vs. 52.4%; primary end
point), clinically driven TLR (2.4% vs. 20.6%), primary sustained 
clinical improvement (upgrade in Rutherford classification ≥1 class 

in amputation‐ and TVR‐free surviving patients), primary safety 
endpoint (freedom from 30‐day device‐ and procedure‐related 
death, target limb major amputation, and clinically driven TVR 
through 12 months), and MACE (death, clinically driven TVR, target 
limb major amputation, and thrombosis). The Drug‐Eluting Balloon 
Evaluation for Lower Limb Multilevel Treatment (DEBELLUM) 
study [43] was a prospective, randomized, single center study that 
enrolled 50 patients with femoropopliteal (75.4%) and below‐the‐
knee lesions. Twenty‐five patients were randomized to be treated 
with the In.Pact Admiral DCB and 25 patients to be treated with a 
standard uncoated balloon. LLL at 6 months was better in the DCB 
group than in the standard uncoated balloon group. BIOLUX P‐I 
was an international, multicenter, randomized controlled trial [44] 
that evaluated the safety and efficacy of the Passeo‐18 Lux pacli
taxel‐coated balloon (30 patients) compared with standard 
uncoated balloon (30 patients). The DCB group showed a signifi
cant reduction in LLL when compared with the standard uncoated 
balloon group at 6 months. The overall major adverse event rate did 
not differ in both groups. The DCB group showed a slightly better 
outcome with regards to Rutherford class. The DEFINITIVE AR 
study was a European multicenter, prospective, randomized trial 
that evaluated the effectiveness of DCBs in heavily calcified lesions. 
Patients were randomized to directional atherectomy followed by 
paclitaxel‐coated Cotavance balloon versus paclitaxel‐coated 
Cotavance balloon alone. The 30‐day preliminary results [45] 
showed significant higher technical success in the directional 
atherectomy followed by paclitaxel‐coated Cotavance balloon arm 
than the paclitaxel‐coated Cotavance balloon alone.

Cryotherapy
Cryoplasty therapy (cold balloon angioplasty) has been used as an 
effective primary strategy for limiting the incidence of dissection, 
vessel recoil, and subsequent intimal hyperplasia and restenosis 
associated with the endovascular dilatation of atherosclerotic 
lesions in the peripheral vasculature [46–50]. Specialized cryo
plasty  balloon catheters, approved by the US Food and Drug 
Administration (FDA), are inflated not with the standard mixture 
of saline solution and contrast medium but rather with nitrous 
oxide, which causes the plaque in the artery to freeze at –10 °C. 
Previous scientific studies have shown that this process results in 
weakening of the plaque, uniform vessel dilatation, alteration of 
elastin fibers to reduce vessel wall recoil while collagen fibers 
remain unperturbed and capable of maintaining architectural 
integrity [51,52], and induction of smooth muscle cell apoptosis 
which is associated with reduced neointima formation and reduced 
subsequent restenosis [53].

Studies involving cryoplasty have conflicting results with patency 
rates and need for re‐intervention. Diaz et al. [54], in a 3‐year analy
sis of re‐intervention‐free survival between cryoplasty versus con
ventional angioplasty in femoropopliteal arterial recanalization, 
demonstrated good immediate success rates with lower stent place
ment rates. However, during the 3‐year follow‐up, patency rates 
tended to equalize between the two modalities. A multicenter 
r egistry of 102 patients demonstrated a high degree of acute angio
graphic success with a low frequency of TLR. The patency rate 
observed compared favorably with that previously documented 
with conventional angioplasty [50]. The COBRA trial was a 
p rospective, multicenter, randomized controlled clinical trial of 
diabetic patients to investigate whether post‐dilatation of superfi
cial femoral artery nitinol self‐expanding stents using a cryoplasty 
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balloon reduces restenosis compared to a conventional balloon. 
The key finding of this study was that, for patients with diabetes 
mellitus who underwent SFA stenting using self‐expanding stents, 
post‐dilatation using cryoplasty significantly reduced the 12‐month 
in‐stent restenosis rates compared to post‐dilatation using a 
c onventional balloon [55]. However, the benefit of cryoplasty over 
conventional angioplasty cannot be established, as the number of 
randomized controlled trials is small.

Atherectomy
Atherectomy devices are designed to debulk and remove athero
sclerotic plaque by cutting, pulverizing, or shaving with catheter‐
deliverable blades. The development of the SilverHawk excisional 
atherectomy catheter (EV3, Minneapolis, MN, USA) has renewed 
interest in directional atherectomy, a technique that has historically 
been associated with high restenosis rates in the coronary and 
peripheral vasculature [56,57]. Like the excimer laser, excisional 
atherectomy offers the theoretical advantage, compared to PTA and 
stent implantation, of eliminating stretch injury on arterial walls, lim
iting acute dissection (and the need for adjunctive stenting) and 
 elastic recoil, and thereby potentially reducing post‐procedure 
inflammation and the rate of restenosis. Both rotational and orbital 
atherectomy share a niche on calcific lesions. Excimer laser has gained 
FDA approval for femoropopliteal in‐stent restenosis (ISR) [58].

Directional atherectomy
Directional atherectomy involves the resection of the atherosclerotic 
plaque with a cutting device in the longitudinal plane [59]. Two 
devices are approved by the FDA for directional atherectomy: the 
SilverHawkTM (Covidien, Plymouth MN, USA) and the TurboHawkTM 
(Covidien, Plymouth MN, USA). The recent published DEFINITIVE 
LE trial is the largest multicenter study that evaluated the intermedi
ate and long‐term effectiveness of stand‐alone SilverHawkTM/
TurboHawkTM Plaque Excision Systems for endovascular treatment 
of PAD in the femoropopliteal and tibial–peroneal arteries [60]. Its 
primary endpoints were patency at 1 year in claudicants and free
dom of unplanned amputation at 1 year in CLI patients. A total of 
800 patients were studied. More than half were diabetic and 66% of 
the lesions were located in the femoropopliteal segment. Final results 
revealed 78% patency rate in all claudicants and 71% in CLI patients 
with a 95% of freedom of amputation. The major limitations of the 
trial were lack of randomization and follow‐up after 12 months.

Rotational atherectomy
The Pathway PV system (Pathway Medical, Kirkland, WA, USA) 
has a unique feature compared to other rotational atherectomy 
devices. The ability to remove the atherectomized plaque material 
through aspiration ports reduces the risk of obstructing the micro
vasculature and avoids increasing erythrocyte degradation prod
ucts, especially in patients with impaired renal function. High‐speed 
rotational devices without aspiration capabilities increase these 
degradation products, such as haptoglobin and potassium, which 
can result in life‐threatening cardiac arrhythmias [61]. Additionally, 
the aspiration feature of the catheter allows the device to be used in 
lesions containing both occlusive material, including solid, even 
calcified plaque and fresh thrombus. Potentially, the Pathway 
PV can be used as a thrombectomy device in subacute and acute 
vessel occlusions.

Zeller et al. [62] reported results on a prospective non‐randomized 
multicenter trial using a rotational atherectomy system with 

a spiration capabilities. In this study, a 99% technical success rate 
was achieved using the Pathway PV Atherectomy System in 210 
infra‐inguinal cases. Adjunctive balloon angioplasty was performed 
in 59% and stenting in 7%. Primary and secondary patency rates at 
1 year were 61.8% and 81.3%. The 1‐year limb salvage rate was 
100%. These patency rates are similar to SilverHawk study cohorts.

Orbital atherectomy
The Diamondback 360° Orbital atherectomy System (CSI, St. Paul, 
MN, USA) uses a plaque ablation catheter. This has an abrasive eccen
trically shaped crown with a diamond‐coated surface which rotates 
and creates lumen enlargement by plaque abrasion. Orbital atherec
tomy appears to have some similarities to mechanical r otational 
atherectomy (Rotablator) (Boston Scientific, Natick, MA, USA).

Analysis of the CONFIRM registries found that high rates of 
s uccess in subjects with PAD were equally favorable in men and 
women. Overall final residual stenosis in the CONFIRM registries 
was 10% and was actually lower in female patients than in male 
patients. These findings are in agreement with the OASIS trial, a 
multicenter, prospective, non‐randomized registry of 124 patients 
(33% women) who underwent orbital atherectomy for the treat
ment of infrapopliteal lesions. The OASIS trial demonstrated a high 
success rate (90.1% patients had final diameter stenosis ≤30%) and 
a low rate of major adverse events at 6 months (10.4%) [63]. 
Korabathina et  al. [64] enrolled 98 patients (54% women) in a 
 single‐arm registry database of patients with infra‐inguinal lesions 
treated with OAS. They showed a low rate of major adverse events 
at 30 days (2.2%) and an overall favorable safety profile.

Excimer laser‐assisted angioplasty
Continuous wave laser were evaluated and abandoned for periph
eral interventions in the late 1980s because of the high complication 
rate caused by thermal damage to surrounding tissue [65]. In con
trast, excimer laser angioplasty (ELA) of the leg arteries has been 
used commercially in Europe since 1994 [66]. The 308 nm excimer 
laser utilizes flexible fiber optic catheters to deliver intense short 
duration pulses of ultraviolet (UV) energy. The advantages of 
pulsed UV energy lies in the short penetration depth of 50 µm and 
its ability to break molecular bonds directly by a photochemical 
process, instead of a thermal one. Excimer laser catheters remove a 
tissue layer of about 10 µm with each pulse of energy. Tissue is 
vaporized only on contact without a consequent rise in temperature 
to surrounding tissue.

The multicenter Laser Atherectomy for Critical Ischemia (LACI) 
trial of excimer laser‐assisted angioplasty treated 423 lesions (41% 
SFA, 15% popliteal, 41% infrapopliteal) in 155 limbs (91% with at 
least one occlusion) of 145 patients with CLI (Rutherford categories 
4–6, 69% with tissue loss, 66% diabetics) who were determined to 
be poor candidates for surgical revascularization. Procedural suc
cess (defined as <50% residual stenosis in all treated lesions) was 
achieved in 85% of the treated limbs [67,68]. The median total 
length of treated artery per limb was 11.0 cm. Procedural complica
tions in 12% of the treated limbs included major dissection (4%), 
acute thrombus formation (3%), distal embolization (3%), and per
foration (2%). The excimer procedure was followed with adjunctive 
balloon angioplasty in 96% of the limbs. Stents (mainly bare nitinol) 
were placed adjunctively in 61% of the SFA lesions, 38% of the pop
liteal lesions, and 16% of the tibial lesions. Mean lesion stenosis (by 
visual estimate) was decreased from 92% at baseline to 55% after 
laser debulking and to 18% at final assessment. At 6‐month follow‐
up, limb salvage was achieved in 110 (92%) of 119 surviving patients 



CHAPTER 78 Superficial Femoral Artery Interventions 731

(118 of 127 limbs; 93%); 56% of ischemic ulcers had healed 
c ompletely [67]. Despite treating a very unfavorable patient cohort, 
excimer laser assisted angioplasty achieved limb salvage compara
ble to the gold standard of bypass surgery. Following the LACI 
p rotocol, a single‐center US registry and a five‐center Belgian trial 
achieved comparable outcomes with the device [69,70].

More recently, the EXCITE ISR study is the first trial conducted 
under an IDE to support to gain FDA indication for femoropopliteal 
ISR. The trial was stopped at 250 enrolled patients after successful 
primary endpoint analysis. ELA + PTA demonstrated better proce
dural success with a significant reduction in procedural complica
tions and post‐treatment stenosis than PTA alone. The primary 
safety and efficacy endpoints established superiority of ELA + PTA 
compared to PTA alone [58].

the future
Finally, the concept of biodegradable stents is promising and enticing. 
The fact that we can achieve the delivery of the antiproliferative 
drug, prevent acute recoil and negative remodeling with the disap
pearance of the stent when the process of neointimal proliferation 
halts is an attractive concept. Recently, a multicenter, non‐randomized 
registry evaluating the efficacy and safety of a biodegradable 
(REMEDY) stent demonstrated a primary patency of 71% and TLR 
of 22% [71].

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Peripheral arterial disease (PAD) is defined as an obstructive 
a rterial disease of the lower extremities that reduces arterial flow 
during exercise or, in advanced stages, at rest [1]. It affects 8– 
12 m illion people in the USA with many of these cases related to pop-
liteal artery (PA) occlusive disease. As superficial femoral artery 
(SFA) and PA diseases are often grouped together in medical litera-
ture, the number of PAD cases involving just the PA is unknown 
[2]. PAD is one of the major manifestations of systemic atheroscle-
rosis, advancing to critical limb ischemia (CLI) in 1–2% of patients 
with PAD who are 50 years of age or older [3]. CLI is a complex, 
multifactorial disease leading to a high risk of morbidity and mor-
tality. The American College of Cardiology/American Heart 
Association (ACC/AHA) practice guidelines suggest that patients 
with CLI have a 25% 1‐year cardiovascular mortality, a 25% 1‐year 
amputation rate, and a 50% rate of being alive with two limbs 1 year 
after diagnosis [3]. Duplex ultrasound is valuable in determining 
candidates for intervention with the ankle‐brachial systolic pres-
sure index (ABI) being 95% sensitive and almost 100% specific for 
PAD [1]. An ABI of less than 0.4 correlates to a 5‐year survival of 
only 44% compared with 90% for those patients with an ABI greater 
than 0.85  [1]. CLI involving the PA is a situation that requires 
prompt dia gnosis and treatment to preserve the ischemic limb by 
establishing inflow to the tibial and the pedal vessels. More than 
100,000 peri pheral arterial reconstructive operations and 50,000 
lower limb amputations for lower extremity ischemia are performed 
in the USA each year [3,4].

Interventions for popliteal artery disease
Patients with PAD often have multiple medical comorbidities 
requiring an array of drugs, conservative management, and invasive 
therapies. If the patient is a surgical candidate and there is sufficient 
venous conduit, surgical bypass with autogenous veins has histori-
cally been the first‐line revascularization therapy involving the mid-
dle and the distal PA [2]. According to the most recently released 
TASC II recommendations, lesions involving either the PA or com-
mon femoral artery are classified as class D lesions and are strongly 
recommended for surgery [5]. However, open surgery is not always 
possible because of prohibiting comorbidities, unsuitable venous 
conduit, or lack of an adequate distal artery for revascularization 
[6]. The use of “minimally” invasive endovascular therapies as 

surgical alternatives has opened up a new realm of treatments for 
PA lesions and the patency and long‐term clinical outcomes from 
these endovascular treatments must be considered [2].

Balloon angioplasty
Several options exist for minimally invasive therapy of arterial 
lesions with balloon angioplasty (PTA), with or without stenting, 
being the most widely accepted endovascular option with high 
patency rates and low levels of restenosis [7]. PTA of PA lesions is 
effective at acutely restoring flow but restenosis occurs in 40–60% 
of patients within 1 year, leading to therapeutic failure and reinter-
vention [8]. Drug‐coated balloon (DCB) have been developed to 
increase the patency of PA angioplasty and reduce restenosis, 
thereby decreasing the need for reintervention in comparison with 
traditional PTA [9]. The IN.PACT SFA trial was a prospective, mul-
ticenter, single‐blinded, randomized controlled trial assessing the 
safety and efficacy of the IN.PACT Admiral DCB. It showed signifi-
cantly better patency (82.2%) at 12 months when compared with 
traditional PTA (52.4%) [9]. These outcomes are in concordance 
with multiple other trials showing a favorable primary patency of 
DCB versus PTA at 1 and 2 years [8,10,11]. The Micari et al. [10] 
multicenter registry showed a patency of 83.7% at 1 year and 72.4% 
at 2 years. The LEVANT 1 trial showed a DBC primary patency of 
67% at 1 year and 57% at 2 years when compared with PTA [8]. 
The ILLUMINATE trial showed the Stellarex DCB primary potency 
of 89.5% at 1 year and 80.3% at 2 years (Figure 79.1) [11].

Stenting
Overall, stenting is not routinely performed in PA PAD because of 
the anatomic location of the PA and the fact that it is not contained 
within a muscular compartment which leaves it exposed to com-
pression, torsion, and elongation [4,12]. The mobility of the knee 
joint further presents the potential for external stent fractures, 
which are associated with stent restenosis or re‐occlusions in 
about two‐thirds of cases [12,13]. Stenting was first introduced to 
femoropopliteal occlusive therapy when balloon expandable stain-
less steel stents were used to treat short lesions [14]. Then the appli-
cation of self‐expanding nitinol technology added to treatment 
options with better patency rates in longer lesions compared with 
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earlier metal stents but restenosis remained a major issue [14]. 
A meta‐analysis review was completed by Mwipatayi et al. [15] to 
compare the short- and long‐term results of primary stenting and 
angioplasty of femoropopliteal occlusive disease. In the stent 
implantation group, the 12 month primary patency rates varied 
from 63% to 90%, and 24 month primary patency ranged from 46% 
to 87% [15]. The 12 month primary patency rates following balloon 
angioplasty alone ranged from 45% to 84.2% and at 24 months it 
varied from 25% to 77.2% [15]. These results and that of various 
other trials suggest that stent placement in the femoropopliteal 
occlusive disease has some limitations and more research needs to 
be done to determine the patency rate when compared with angio-
plasty alone [14–18]. A recent randomized, multicenter trial, the 
Endovascular Treatment of Atherosclerotic Popliteal Artery 
Lesions–Balloon Angioplasty Versus Primary Stenting (ETAP) 
study, investigated the 1- and 2-year results of primary nitinol stent 
placement in comparison with PTA in true PA lesions beyond the 
proximal (P1) segment [19,20]. ETAP revealed equivalent patency 
at 1 year and possibility of a shift toward higher patency rates in 
favor of primary stenting at 2 years [18–20].

More promising results have been seen with the development of 
the Supera helical interwoven nitinol stent which has superior 
radial strength, fracture resistance, and flexibility when compared 
with the traditional laser‐cut nitinol stents [13]. In a single‐center 
study PA stenting with the Supera@ system proved to be safe and 
effective, with high patency rates and no stent fractures [13,21]. The 
primary stent patency rates at 6 and 12 months were 94.6 ± 2.3% 
and 87.7 ± 3.7%, respectively [21]. Despite the challenging clinical 
conditions of PA occlusive disease, a good clinical effect of 
t reatment with the Supera@ stent has also been demonstrated with 
the ABI increasing from 0.58 ± 0.16 preoperative to 0.87 ± 0.14 
p ostoperative [21,22].

Stent placement still remains controversial; however, as drug‐
eluting technology is becoming more popular the potential for 
s uccessful use of drug‐eluting stents (DES) in the treatment of 
f emoropoliteal artery disease exists although data are limited 
regarding this. In the Zilver PTX randomized trial DES were 

suggested to increase the patency of lesions and reduce the risk of 
restenosis [2]. The Zilver PTX trial has added to our knowledge of 
DES with the outcome being a 83.1% primary patency at 12 months 
with the use of paclitaxel‐eluting stents in comparison with stand-
ard balloon angioplasty and bare metal stents in femoropopliteal 
disease [23]. The 2‐year follow‐up from the Silver PTX trial further 
supported the safety and effectiveness of paclitaxel‐eluting stents in 
patients with femoropopliteal artery disease, including the long‐
term superiority of the DES to PTA and to provisional BMS place-
ment [24]. The 2‐year primary patency rate was 74.8% for the 
primary DES group and 26.5% for the long‐term PTA subgroup 
[24]. These data are encouraging and have shown great potential 
with the opportunity for more studies comparing endovascular 
interventions in the treatment of PAD.

Adjunctive endovascular technologies
Emerging adjunctive therapies or alternatives to traditional PTA 
aim to prevent restenosis and include atherectomy to remove ath-
erosclerotic plaque by debulking; brachytherapy to inhibit cellular 
proliferation by using ionizing radiation; and cryoplasty to induce 
smooth cell apoptosis and reduce intimal dissection/damage by 
cold‐induced alteration of the arteriosclerotic plaque [4,25]. These 
and other technologic advancements are rapidly emerging and 
o utpacing clinical trial data to support their efficacy [4]. These 
technologies may prove a potential solution to the problem of long‐
term patency and restenosis of femoropopliteal disease following 
PTA. The 3‐year primary patency rates have been reported as a low 
50% for PTA and first‐generation stents [26].

Atherectomy
The mechanical atherectomy devices are designed to improve the 
vessel lumen and flow by debulking and removing atherosclerotic 
plaque with a rotating blade that captures the plaque in a catheter 
housing and requires intermittent emptying [2]. Currently available 
technologies for this therapy include orbital, laser, directional, and 
rotational atherectomy. The benefit of these atherectomy devices is 
potential avoidance of trauma to the vessel wall such as tears and 
stretches caused by popliteal artery PTA [27]. The study by Semaan 
et al. [28] compared atherectomy with angioplasty alone in the pop-
liteal artery lesions and found a higher technical success rate with 
atherectomy. However, there are complications with all these 
debunking technologies including an increased distal embolization 
rate when compared with traditional PTA, which has the low rate of 
less than 1% embolization [26]. A large prospective registry of 1029 
patients evaluated the embolization rate during percutaneous lower 
extremity interventions of 2137 lesions and found the overall embo-
lization rate to be 1.6% with the Jetstream and Diamondback 
atherectomy devices having a 22% rate, the Silverhawak atherec-
tomy device having a 1.9% rate, and laser atherectomy having a 
3.6% embolic rate [26]. More large randomized controlled trials are 
needed to identify if atherectomy will be a benefit over standard 
PTA with or without stenting (Figure 79.2) [4].

Popliteal aneurysms
A popliteal aneurysm is the dilatation of the popliteal artery to a 
diameter of 1.5 cm or 1.5 times the size of the normal proximal 
artery which results in weakness of the artery [29,30]. The aneu-
rysm progressively dilates and if left untreated it increases the risk 
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Figure 79.1 The 1- and 2‐year primary patency rates reported in 
first‐in‐human studies for various paclitaxel drug‐coated balloons 
[8,10,11].
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of thrombosis or embolization leading to CLI with an amputation 
rate of around 15% [31,32]. Although rare in the general popula-
tion, occurring at an incidence of less than 0.1%, they are the sec-
ond most common peripheral aneurysm at about 70% [33]. 
Popliteal artery aneurysms (PAAs) are more common in men 
than women (20 : 1 ratio), the incidence increases with age, and 
approximately half are bilateral [30].

The goal of PAA repair is to eliminate the aneurysm from 
the  circulation to maintain perfusion to the lower extremity. 
Symptomatic patients can present with claudication and the con-
sensus is that all symptomatic PAAs should be repaired regardless 
of size [30]. Asymptomatic PAAs are recommended to be treated if 
the aneurysm diameter is greater than 2 cm, mural thrombus is 
present, or the patent has poor runoff [30]. The current gold stand-
ard of PAA repair is saphenous vein bypass grafting either via open 
surgery or endovascular approach [30,32]. Open surgical repair is 
by various operation techniques with the two most popular 
approaches being the medial approach where the patient is supine 
and the posterior approach where the patient is in prone position 
[30]. Both approaches provide comparable results concerning pri-
mary patency rates and open surgical repair delivers reproducible 
therapeutic success [32]. Open surgery for PAAs is marked by 
low perioperative mortality and morbidity and provides excellent 
long‐term results [34].

Endovascular techniques have been increasingly used with the 
rational of low complication rates, shortened length of hospital stay, 
and long‐term patency rates presumed similar to those following 
open surgical repair; however, current evidence is lacking prospec-
tive randomized trials [35–39]. A high standard for endovascular 
popliteal aneurysm repair (EPAR) has been found to match open 
popliteal aneurysm repair (OPAR) procedures in which the pri-
mary patency rate was 90% with a freedom from reintervention rate 
of 70% at 10 postoperative years (Figure 79.3) [34]. However, a non‐
randomized multicentered study found relatively equivalent pri-
mary patency rates (73% for EPAR, 64% for OPAR) and freedom 
from reintervention rates (75% and 72%, respectively) at a mean 

surveillance period of 31 ± 28 months [38]. Further, the largest 
meta‐analysis on this topic to date is based on 652 cases and the 
results suggest that patient outcomes after endovascular repair are 
equal to open surgical repair, and that endovascular technique 
appears to be a viable alternative to open surgery [39]. EPAR 
appears to be safe and efficient when compared with OPAR; 
n evertheless, current evidence on endovascular repair is limited 
and further research is necessary to draw firm conclusions [39]. 
The greatest benefit of endovascular stent grafting is for patients 
with high preoperative risk for surgery and multiple medical 
comorbidities [37]. The definitive evidence on the comparison of 
endovascular repair with open surgical repair of popliteal artery 
aneurysms remains inconclusive (Figure 79.4) [34–39].

(a) (b)

Figure 79.2 (a) Left popliteal artery chronic total occlusion. (b) Left popliteal artery post‐intervention (post‐atherectomy and PTA).

(a) (b)

Figure 79.3 (a) Left popliteal artery aneurysm. (b) Left popliteal artery 
stent (resolved aneurysm post‐stent).



736 PART IV Vascular Disease for the Interventionalist SECTION III Peripheral Arterial Disease

Conclusions
As the population ages, it is anticipated that the prevalence of 
peripheral vascular disease will increase. Endovascular therapies 
are improving the safety and effectiveness of percutaneous revascu-
larization in the treatment of PAD with a high success rate; how-
ever, long femoropopliteal lesions still represent one of the major 
challenges of endovascular therapy [6]. The use of endovascular 
repair increased more than threefold, bypass surgery decreased 
42%, and the amputation rate decreased by 29% [18]. Today, most 
interventionists treat PA disease with PTA when there is clear indi-
cation and, when possible, surgical bypass as the gold standard [2]. 
Percutaneous procedures and new technologic advancements such 
as DEB, DES, and atherectomy devices continue to replace open 
surgery with the challenge being to ensure relevant studies are 
being carried out to collect definitive data to support these thera-
peutic measures in the treatment and prevention of PAD [2]. 
Further, cost‐effectiveness data must be considered to accommo-
date economic considerations and provide cost conscious care 
while avoiding limb amputation and mortality.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology

references
1 Shamoun F, Sural N, Abela G. Peripheral artery disease: therapeutic advances. Exp 

Rev Cardiovasc Ther 2008; 6(4): 539–553.
2 Hirsch AT, Haskal ZJ, Hertzer NR, et al. ACC/AHA 2005 Practice Guidelines for the 

management of patients with peripheral arterial disease (lower extremity, renal, 
mesenteric, and abdominal aortic): a collaborative report from the American 
Association for Vascular Surgery/Society for Vascular Surgery, Society for 
Cardiovascular Angiography and Interventions, Society for Vascular Medicine and 
Biology, Society of Interventional Radiology, and the ACC/AHA Task Force on 
Practice Guidelines (Writing Committee to Develop Guidelines for the Management 
of Patients With Peripheral Arterial Disease): Endorsed by the American 
Association of Cardiovascular and Pulmonary Rehabilitation; National Heart Lung, 

and Blood Institute; Society for Vascular Nursing; TransAtlantic Inter‐Society 
Consensus; and Vascular Disease Foundation. Circulation 2006; 113: e463–e654.

3 Hirsch A, Haskal Z. ACC/AHA 2005 Practice guidelines for the management of 
patients with peripheral arterial disease (lower extremity, renal, mesenteric, and 
abdominal aortic): a collaborative report from the American Association for 
Vascular Surgery/Society for Vascular Surgery, Society for Cardiovascular 
Angiography and Interventions, Society for Vascular Medicine and Biology, 
Society of Interventional Radiology, and the ACC/AHA Task Force on Practice 
Guidelines. Circulation 2006; 113: e463–654.

4 Shortell C, Rowe V. Popliteal artery occlusive disease. Medscape. http://emedicine.
medscape.com/article/461910‐overview (accessed May 29, 2016).

5 Norgren L, Hiatt WR, Dormandy JA, Nehler MR, Harris KA, Fowkes F; GTASC II 
Working Group. Inter‐society consensus for the management of peripheral arterial 
disease (TASC II). J Vasc Surg. 2007; 45(Suppl S): 5–67.

6 Zeller T, Rastan A, Macharzina R, et  al. Drug‐coated balloons vs. drug‐eluting 
stents for treatment of long femoropopliteal lesions. J Endovasc Ther 2014; 21: 
359–368.

7 Malas M, Enwerem N, Qazi U, et al. Comparison of surgical bypass with angio-
plasty and stenting of superficial femoral artery disease. J Vasc Surg 2014; 59(1): 
129–135.

8 Scheinert D, Duda S, Zeller T, et al. The LEVANT I (Lutonix paclitaxel‐coated bal-
loon for the prevention of femoropopliteal restenosis) trial for femoropopliteal 
revascularization: first‐in‐human randomized trial of low‐dose drug‐coated balloon 
versus uncoated balloon angioplasty. JACC Cardiovasc Interv 2014; 7(1): 10–19.

9 Gunner T, Laird J, Schneider P, et al. Drug‐coated balloon versus standard percu-
taneous transluminal angioplasty for the treatment of superficial femoral and 
p opliteal peripheral artery disease 12‐month results from the IN.PACT SFA 
Randomized Trial. Circulation 2015; 131: 495–502.

10 Micari A, Cioppa A, Vadalà G, et al. 2‐year results of paclitaxel‐eluting balloons for 
femoropopliteal artery disease: evidence from a multicenter registry. JACC 
Cardiovasc Interv 2013; 6: 282–289.

11 Schroeder H, Meyer DR, Lux B, Ruecker F, Martorana M, Duda S. Two‐year results 
of a low‐dose drug‐coated balloon for revascularization of the femoropopliteal 
artery: outcomes from the ILLUMENATE first‐in‐human study. Catheter 
Cardiovasc Interv 2015; 86(2): 278–286.

12 Scheinert D, Scheinert S, Sax J, et  al. Prevalence and clinical impact of stent 
f ractures after femoropopliteal stenting. J Am Coll Cardiol. 2005; 45(2): 
312–315.

13 León J, Dieter R, Pacanowski J, et al. Clinical research study: preliminary results of 
the initial United States experience with the Supera woven nitinol stent in the 
p opliteal artery. J Vasc Surg 2013; 57: 1014–1022.

14 Schillinger M, Minar E. Past, present and future of femoropopliteal stenting. 
J Endovasc Ther 2009; 16(Suppl I): 147–152.

15 Mwipatayi B, Hockings A, Hofmann M, Garbowski M, Sieunarine K. Balloon 
angioplasty compared with stenting for treatment of femoropopliteal occlusive 
d isease: a meta‐analysis. J Vasc Surg 2008; 47: 461–469.

16 Laird JR. Limitations of percutaneous transluminal angioplasty and stenting for 
the treatment of disease of the superficial femoral and popliteal arteries. J Endovasc 
Ther 2006; 13(Suppl 2): 30–40.

17 Geronemus AR, Peña CS. Endovascular treatment of femoral‐popliteal disease. 
Semin Interv Radiol 2009; 26(4): 303–314.

18 Slovut D, Lipsitz E. Surgical technique and peripheral artery disease. Circulation 
2012; 126: 1127–1138.

19 Semaan E, Hamburg N, Nasr W, et al. Endovascular management of the popliteal 
artery: comparison of atherectomy and angioplasty. Vasc Endovasc Surg 2010; 44: 
25–31.

20 Rastan A, Krankenber H, Baumgartner I, et al. Stent placement versus balloon 
angioplasty for the treatment of obstructive lesions of the popliteal artery: a 
p rospective, multicenter, randomized trial. Circulation 2013; 127: 2535–2541.

21 Chan Y, Cheng S, Ting A, Cheung G. Primary stenting of femoropopliteal athero-
sclerotic lesions using new helical interwoven nitinol stents. J Vasc Surg 2014; 
59(2): 384–391.

22 Scheinert D, Werner M, Scheinert S, et al. Treatment of complex atherosclerotic 
popliteal artery disease with a new self‐expanding interwoven nitinol stent: 12‐
month results of the Leipzig SUPERA popliteal artery stent registry. JACC 
Cardiovasc Interv 2013; 6(1): 65–71.

23 Dake MD, Ansel GM, Jaff MR, et al. Paclitaxel‐eluting stents show superiority to 
balloon angioplasty and bare metal stents in femoropopliteal disease: twelve‐
month Zilver PTX randomized study results. Circ Cardiovasc Interv 2011; 4: 
495–504.

24 Dake MD, Ansel GM, Jaff MR, et al. Sustained safety and effectiveness of paclitaxel‐
eluting stents for femoropopliteal lesions: 2‐year follow‐up from the Zilver PTX 
randomized and single‐arm clinical studies. J Am Coll Cardiol 2013; 61: 
2417–2427.

(a) (b)

Figure 79.4 (a) Left popliteal artery focal aneurysm (prior vein patch 
aneurysm). (b) Left popliteal artery stent (resolved aneurysm post‐stent).



CHAPTER 79 Popliteal Artery Interventions 737

25 Jahnke T, Mueller‐Huelsbeck S, Charalambous N, et  al. Prospective, Randomized 
 single‐center trial to compare cryoplasty versus conventional angioplasty in the popliteal 
artery: midterm results of the COLD Study. J Vasc Interv Radiol 2010; 21: 186–194.

26 Samson R, Showalter, D, Lepore M, Ames S. CryoPlasty therapy of the superficial 
femoral and popliteal arteries: a single center experience. Vasc Endovasc Surg 2007; 
40(6): 446–450.

27 Zeller T, Rastan A, Sixt S, et al. Long‐term results after directional atherectomy of 
femoro‐popliteal lesions. J Am Coll Cardiol 2006; 48(8): 1573–1578.

28 Semaan E, Hamburg N, Nasr W, et al. Endovascular management of the popliteal artery: 
comparison of atherectomy and angioplasty. Vasc Endovasc Surg 2010; 44: 25–31.

29 Wright L, Matchett J, Cruz C, et  al. Popliteal artery disease: diagnosis and 
t reatment. RadioGraphics 2004; 24(2): 467–479.

30 Wissgott C, Lüdtke C, Vieweg H, et al. Endovascular treatment of aneurysms of the 
popliteal artery by a covered endoprosthesis. Clin Med Insights Cardiol 2014; 
8(Suppl 2): 15–21.

31 Joshi D, James RL, Jones L. Endovascular versus open repair of asymptomatic pop-
liteal artery aneurysm. Cochrane Database Syst Rev 2014; 8: CD010149.

32 Wagenhäuser M, Herma K, Sagban T, et al. Long‐term results of open repair of 
popliteal artery aneurysm. Ann Med Surg (Lond) 2015; 4(1): 58–63.

33 Antonello M, Frigatti P, Battocchio P, et al. Endovascular treatment of asympto-
matic popliteal aneurysms: 8‐year concurrent comparison with open repair. 
J Cardiovasc Surg (Torino) 2007; 48: 267.

34 Dorweiler B, Gemechu A, Doemland M, et al. Durability of open popliteal artery 
aneurysm repair. J Vasc Surg 2014; 60: 951.

35 Ying H, Gloviczki P. Popliteal artery aneurysms: rationale, technique, and results of 
endovascular treatment. Perspect Vasc Surg Endovasc Ther 2008; 20(2): 201–213.

36 Eslami MH, Rybin D, Doros G, Farber A. Open repair of asymptomatic popliteal 
artery aneurysm is associated with better outcomes than endovascular repair. 
J Vasc Surg 2015; 61: 663.

37 Huang Y, Gloviczki P, Oderich GS, et  al. Outcomes of endovascular and 
c ontemporary open surgical repairs of popliteal artery aneurysm. J Vasc Surg 
2014; 60: 631.

38 Pulli R, Dorigo W, Castelli P, et al. A Multicentric experience with open surgical 
repair and endovascular exclusion of popliteal artery aneurysms. Eur J Vasc 
Endovasc Surg 2013; 45(4): 357–363.

39 Von Stumm M, Teufelsbauer H, Reichenspurnera H, Debusc E.S. Two decades of 
endovascular repair of popliteal artery aneurysm: a meta‐analysis. Eur J Vasc 
Endovasc Surg 2015; 50(3): 351–359.



Interventional Cardiology: Principles and Practice, Second Edition. Edited by George D. Dangas, Carlo Di Mario, and Nicholas N. Kipshidze. 
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.

738

Background
Peripheral arterial disease (PAD) of the lower extremities is one of 
the major manifestations of systemic atherosclerosis affecting 8– 
12 million people. The disorder affects both men and women equally 
with the risk of PAD increasing two‐ to threefold for every 10-year 
increase in age after 40 years and is highly associated with cardio-
vascular risk factors such as cigarette smoking, diabetes mellitus, 
hyperlipidemia, and hypertension [1]. The two most important risk 
factors are diabetes mellitus and smoking, each being associated 
with a three‐ to fourfold increase in the risk for PAD [1].

The Rutherford classification is the current industry standard for 
reports dealing with severity of PAD with categories 4–6 character-
izing critical limb ischemia (CLI) on the basis of persistent rest pain 
with or without ongoing degree of tissue loss in the presence of PAD 
(Table 80.1) [2].

CLI represents the most severe clinical manifestation of lower 
extremity PAD and is defined as “greater than 2 weeks of rest pain, 
ulcers, or tissue loss attributed to arterial occlusive disease” [3]. CLI 
occurs when arterial lesions impair blood flow to such an extent 
that the nutritive requirements of the tissues cannot be met. Multiple 
tests have been devised to confirm the diagnosis of CLI, assess foot 
perfusion, and predict wound healing (Box 80.1) [3]. The diagnosis 
of CLI can be confirmed with measurement of an ankle‐brachial 
index (ABI) or toe systolic pressure, with an ankle pressure of  
≤50 mmHg or a toe pressure of ≤30 mmHg suggesting CLI.

CLI develops in approximately 1% of patients with PAD each 
year and is expected to grow in developed countries as the preva-
lence of diabetes increases with the World Health Organization 
(WHO) projecting that diabetes will be the seventh leading cause of 
death by 2030. Patients diagnosed with CLI have a high cardiovas-
cular morbidity and mortality, high risk of major amputation, and 
experience poor physical function and quality of life [4]. The goals 
of treatment for CLI are relieving ischemic pain, healing ulcers, pre-
venting limb loss, improving patient function and quality of life, 
and prolonging survival [4]. Prompt surgical or endovascular 
revascularization to achieve a straight‐line flow to the foot to pro-
mote wound healing is currently recommended for limb salvage in 
CLI, as “nearly 40% of patients with CLI will progress to amputa-
tion within 6 months in the absence of revascularization” [5]. Partial 
revascularization of iliac or femoropopliteal arteries alone is usually 
insufficient to heal advanced leg ulcers or gangrene.

Evaluation of the lower extremity 
arterial system
To assess the lower extremity arteries, it is necessary to understand 
the arterial anatomy of the lower extremity. The clinician must 
know the branches of the lower extremity arterial system and the 
areas of the limb they supply. The angiosome concept highlights 
five distinct three‐dimensional blocks of tissue fed by source arter-
ies and that guiding revascularization to the wound site by restoring 
flow to the corresponding ischemic angiosome improves wound 
healing and higher amputation‐free rates (Figure 80.1) [6].

To identify the ischemic area and anatomically characterize the 
disease, non‐invasive imaging with duplex ultrasonography, 
c omputed tomography angiography (CTA), or magnetic resonance 
angiography (MRA) can be utilized to help determine the interven-
tional options [5]. Further, potency of the iliac and common 
f emoral arteries is of practical importance because it will determine 
whether the optimal strategy is via an ipsilateral anterograde or 
contralateral retrograde common femoral approach [7].

The choice of preprocedural imaging depends on the patient and 
is based on the advantages and disadvantages of each particular 
method. The evaluating physician should be fully aware of all revas-
cularization options to select the most appropriate intervention that 
takes into consideration the goals of therapy, risk–benefits ratios, 
patient comorbidities, and life expectancy [8]. Box 80.2 lists indica-
tions and contraindications of endovascular management for 
below‐the‐knee (BTK) arterial occlusive disease [7]. For some 
patients, primary amputation is the only option.

Approach to BTK intervention
To standardize evaluation of the extent of disease in the lower 
extremity vessels, a working group was created to devise a classifica-
tion scheme based on anatomic extent, morphologic assessment, 
and location of lesions within the vascular system. This group, 
c omprising experts from the USA and Europe, developed the 
Transatlantic Inter‐Society Consensus (TASC) classification strat-
egy and made recommendations regarding appropriate manage-
ment and therapy for different lesions [1]. The recommendations 
vary by the location and extent of the lesion (Box 80.3) [7].

Generally, in BTK or infrapopliteal (IP) lesions classified as 
TASC A or B, endovascular revascularization is preferred, while in 
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TASC D lesions, surgical vein bypass is recommended. In TASC C 
lesions, surgical revascularization is the preferred treatment in 
good‐risk patients while considering the patient’s comorbidities 
and preferences, as well as the operator’s success rates. However, in 
the absence of a suitable vein and/or adequate distal runoff vessels, 
and in high‐risk surgical patients, endovascular treatment repre-
sents the only valid therapeutic option of CLI [7].

There is no level I evidence to support the superiority of endovas-
cular treatment over saphenous vein bypass for infrainguinal or IP 
disease. However, a multicenter prospective randomized study, the 
Bypass Versus Angioplasty in Severe Ischemia of the Leg (BASIL) 
trial, investigated the difference between endovascular (balloon 
angioplasty) and open surgical treatment for infrainguinal PAD and 
CLI. The study randomized 452 patients with severe limb ischemia 
to surgical bypass first or angioplasty‐first strategy. The BASIL trial 
indicated that patients presenting with CLI caused by infrainguinal 
atherosclerosis who are suitable for both treatments could be treated 
with either method with no difference in the primary outcome of  

6‐month amputation‐free survival between the two treatment 
modalities [9]. Angioplasty alone was clinically equivalent to the 
“gold standard” of surgical bypass in the treatment of CLI, unless the 
individual’s life expectancy was greater than 2 years [10]. The updated 
results with 3–7 year follow‐up concluded that bypass surgery with 
vein offers the best long‐term amputation‐free survival, but balloon 
angioplasty appears to be superior to a polytetrafluoroethylene 
bypass procedure (Figure 80.2). The most recent American College 
of Cardiology/American Heart Association (ACC/AHA) guidelines 
for the management of PAD are consistent with recommendations 
made by the BASIL trial investigators (Box  80.4) [11]. Overall, an 
individualized approach is the best treatment strategy and most spe-
cialists initially pursue an endovascular intervention if it seems feasi-
ble. This is because bypass surgery is associated with greater mortality 
and morbidity, with the potential for hospital readmission, prolonged 
ulcer healing, wound complications, and graft failure leading to 
reoperation [2]. In a study that used the National Surgical Quality 
Improvement Program database, the 30‐day composite mortality/
major morbidity rate of infrainguinal bypass surgery was as high as 
19.5%, which made the authors conclude that “stringent indications 
for infra‐inguinal bypass surgery should be maintained when 
c onsidering the method of lower extremity revascularization” [12].

Endovascular management of below 
the knee critical limb ischemia
Infrainguinal distal bypass surgery has long been considered the 
gold standard treatment for CLI but a great number of patients are 
not eligible because of various underlying comorbidities com-
monly present in the CLI population or the absence of suitable 
vein conduits and/or patent non‐diseased distal run‐off vessels 
[13]. Moreover, there has been a push in modern CLI treatment 
towards a more “endovascular first” rationale, especially in patients 
with a life expectancy of <2 years [13]. Several options exist for 
endovascular therapy of arterial lesions BTK (Table  80.2) [11]. 
The minimally invasive nature of these endovascular procedures 
results in very low morbidity, mortality, and complication rates.

Table 80.1 Rutherford classification of peripheral artery disease and critical limb ischemia [2].

Grade Category Clinical description Objective description

0 Asymptomatic Normal treadmill or reactive hyperemia test

I 1 Mild intermittent claudication Treadmill exercise limited to 5 min; ankle pressure after 
exercise >50 mmHg but at least 20 mmHg lower than at rest

I 2 Moderate intermittent claudication Between Rutherford 1 and 3 disease

I 3 Severe intermittent claudication Treadmill exercise limited to <5 min; ankle pressure after 
exercise <50 mmHg

II 4 Ischemic rest pain Resting ankle pressure <40 mmHg and/or great toe pressure 
<30 mmHg; pulse volume recording barely pulsatile or flat

III 5 Minor tissue loss: non healing ulcer, focal 
gangrene with diffuse pedal ischemia

Resting ankle pressure <60 mmHg and/or great toe pressure 
<30 mmHg; pulse volume recording barely pulsatile or flat

III 6 Major tissue loss: extending above transmetatarsal 
level, functional foot no longer salvageable

Resting ankle pressure <60 mmHg and/or great toe pressure 
<30 mmHg; pulse volume recording barely pulsatile or flat

Box 80.1 Features of critical limb ischemia [3]

Physical examination
• Dry skin, thickened nails, loss of hair, loss of subcutaneous fat or muscle 

atrophy
• Coolness to palpation
• Decreased or absent pulses
• Elevation pallor or dependent rubor
• Non‐healing wound or ulcer, especially over bony prominences, distally, 

and on the plantar surface of the foot

Non‐invasive vascular laboratory
• Ankle‐brachial index <0.4
• Ankle systolic pressure <50 mmHg
• Toe systolic pressure <30 mmHg
• Measures of skin microcirculation
• Capillary density <20 mm2

• Absent reactive hyperemia on capillary microscopy
• TcPO2 <10 mmHg
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percutaneous transluminal angioplasty
At present, balloon angioplasty, also known as percutaneous 
t ransluminal angioplasty (PTA), is the primary technique to 
c onsider in endovascular treatment of BTK occlusive disease with 
success rates of IP PTA reported to be as high as 80–100% [7]. 
Procedural success is defined as the re‐establishment of direct “in‐
line” pulsatile flow to the foot through at least one IP artery [13]. 
An example of a s uccessful PTA is seen in Figure 80.3.

PTA access
The site and direction of the arterial access depend on the inflow 
status [7]. In non‐obese patients without iliac, common femoral 
artery (CFA), or very proximal superficial femoral artery (SFA) 

lesions, a direct antegrade puncture is preferable because it 
offers superior agility and trackability of the materials to cross 
hard, calcified distal occlusions, while it allows easier catheter 
and guidewire maneuvers [7]. With the standard anterograde 
percutaneous approach, procedural failure can be up to 20% 
often relating to long chronic total occlusions (CTOs), wall 
c alcifications, and diffuse involvement of the pedal arteries, 
compromising distal run‐off at the foot level, after trivial 
r ecanalization [14].

In patients where the antegrade approach has failed, various 
r etrograde techniques can be used as the ultimate resort for limb 
salvage. The options for retrograde pedal approach are different, 
such as retrograde–antegrade recanalization (pedal‐plantar loop 

Anterior tibial
angiosome

Posterior tibial
angiosome

Peroneal
angiosome

Anterior tibial

Medial plantar

Lateral plantar

Calcaneal

Peroneal

Figure 80.1 The angiosome concept. Five territories supplied by three arteries and their branches [6].

Box 80.2 Indications and contraindications of endovascular management 
for below‐the‐knee arterial occlusive disease [7]

Indications
• Critical limb ischemia: rest pain (Rutherford category 4) or non‐healing 

ulcer/gangrene
• Significant flow‐limiting stenosis of the anatomizes or outflow vessels in 

failing below‐the‐knee femoropopliteal or distal tibial bypass grafts

Absolute contraindications
• Medically unstable patients
• Life‐threatening infected (wet) gangrene or/and life‐threatening osteo-

myelitis of the target limb unless it is used to enable a more limited 
amputation

• Uncorrectable bleeding disorders
• Absent runoff vessels to and in the distal foot

Relative contraindications
• Pregnancy
• Inability of the patient to lie flat and immobile
• Critically ill elderly patients with impaired mobility and dementia
• Buerger disease
• Impaired renal function (EGFR <30 mL/min/1.73 m2)

Box 80.3 Transatlantic Inter‐Society Consensus (TASC) classification 
of morphologic stratification of below the knee lesions

TASC type A
• Single stenosis shorter than 1 cm in the tibial or peroneal vessels

TASC type B
• Multiple focal stenosis of the tibial or perennial vessel, each less than 

1 cm in length
• One or two focal stenosis, each less than 1 cm long at the tibial 

trifurcation
• Short tibial or perennial stenosis in conjunction with f emoropopliteal 

PTA

TASC type C
• Stenosis 1–4 cm in length
• Occlusions 1–2 cm in length of the tibial or perennial vessels
• Extensive stenosis of the tibial trifurcation

TASC type D
• Tibial or peroneal occlusions longer than 2 cm
• Diffusely diseased tibial or peroneal vessels
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technique or transcollateral recanalization), which combines retro-
grade and integrate arterial recanalization using a single entry site, 
retrograde percutaneous distal access at different locations (pedal 
or plantar arteries), or advanced access (tarsal branches, trans-
planter arch, or digital access) [14]. The SAFARI technique, 
o riginally described by Spinosa et al. [15], involves a “combination” 
approach of antegrade and retrograde access in patients whose 
lesions cannot be addressed in standard fashion. Each approach has 
advantages and disadvantages, and the success rate is largely 
dependent upon physician experience (Box 80.5).

Pedal access technique
Transpedal access also requires operator experience but the 
t echnique can have a short learning curve.

Ultrasound guided
Using handheld duplex ultrasound can help to locate the tibiopedal 
vessels. The pedal vessels are usually accessed under local anesthe-
sia with a 4 or 5 Fr microaccess needle. The most commonly 
accessed pedal arteries are the dorsalis pedis artery, followed by the 

posterior tibial artery and peroneal artery. However, the peroneal 
artery’s course lies on the interosseous ligament, and manual pres-
sure for hemostasis can prove cumbersome. Operator familiarity 
with the ultrasound is important and is a short learning curve. 
Usually, pedal arteries are accompanied by dual pedal veins, which 
make accessing the vein much easier, and make the arterial access 
cumbersome. Compressing the pedal access site with the ultra-
sound probe slightly will collapse the veins thereby making arterial 
access easier and precise. A handheld duplex ultrasound can 
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Figure 80.2 Results of Bypass Versus Angioplasty in Severe Ischemia of the Leg (BASIL) trial [9].

Box 80.4 Recommendations for critical limb ischemia: endovascular 
and open surgical t reatment for limb salvage [11]

• The recommendations for CLI for patients with limb‐t hreatening 
lower extremity ischemia and an estimated life expectancy of 2 years 
or less or in patients in whom an autogenous vein conduit is 
not   available, balloon angioplasty is reasonable to perform when 
 possible as the initial procedure to improve distal blood flow (level of 
evidence B)

• The recommendations for CLI for patients with limb‐t hreatening 
ischemia and an estimated life expectancy of more than 2 years, bypass 
surgery, when possible and when an autogenous vein conduit is availa-
ble, is reasonable to p erform as the initial treatment to improve distal 
blood flow (level of evidence B)

Table 80.2 Options for interventional treatment of lower extremity 
arterial disease [11].

Treatment
12 month 
patency (%) Notes

Angioplasty with 
critical limb ischemia

40–60 TASC A and B lesions

Cryoplasty 70 Lesions <8 cm and minimal 
calcification

Cutting balloon 
angioplasty

No data

Laser 60–80 Assisted angioplasty

Mechanical 
atherectomy

80 30% assisted angioplasty

Stent 60–80 TASC A and B lesions

Drug‐eluting stent 80–100 Decreases to 60% at 2 years

Covered stent 60–80 TASC A and B lesions

Brachytherapy 60–80 Difficult application
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p rovide an image of the pedal artery in both short and long axis; 
short axis is easy to puncture with the needle and changing to the 
long‐axis view to introduce the wire is the preferred approach.

Fluoroscopy guided
Approach to transpedal access includes road mapping or image 
overlay especially with orthogonal angles. However, this method 
can be difficult if the patient moves or if there is table movement, 
and it also requires the use of additional contrast. This method 
requires operator expertise because the puncture must be made at a 
90° angle to the flow. Exposure of fingers to radiation is also a con-
cern here.

Access site procedure
An attempt must be made to achieve access with the first puncture 
to prevent spasm, and if the puncture is through and through, slow 
withdrawal of the needle will facilitate access with a micropuncture 

guidewire. The access wire should be advanced only to the occluded 
segment of the pedal artery to prevent vessel dissection. Dilator 
placement over the wire will facilitate placement of a micropunc-
ture sheath or a catheter directly. Regular access sheaths should not 
be introduced into the vessel as this can cause spasm and occlusion 
of the vessel.

To prevent clotting and vessel spasm use nitroglycerin, a small 
dose of heparin, and verapamil. A 0.014–0.018 inch wire can be 
advanced via micropuncture sheath. Additional support can be 
achieved with a 0.018‐inch support catheter. This method allows 
crossing of lesions and subsequent insertion of the wire into a 
sheath from femoral access or the snaring of the pedal wire from the 
top. Further delivery of balloons and stents can be performed via 
the femoral approach (SAFARI technique). The pedal sheath and 
the catheters can be removed and manual pressure held. Dedicated 
micropuncture pedal access sets are available in 4 and 5 Fr outer 
diameters. We recommend no sheaths be placed via pedal access 
site except micropuncture sheath.

Access site hemostasis
Usually, manual compression is the preferred approach and can 
achieve adequate hemostasis without hematoma unless the punc-
ture is high. Use of transradial band has been adopted by certain 
operators but patient discomfort, outflow obstruction, and band 
misfit in obese patients especially are drawbacks.

Modified angioplasty techniques
Among the drawbacks of balloon angioplasty remains the 
 potential of a suboptimal acute outcome because of elastic recoil 
and/or flow‐limiting dissection resulting in technical failure and/
or progressive vascular restenosis with relapse of clinical symp-
tomatology [13]. In  order to cope with the imminent technical 
failure of balloon angioplasty, modified angioplasty techniques 
have been used [13].

Stents
BTK stent placement has been historically used in limited fashion 
and mostly for failed initial angioplasty although primary  stenting 
is being heavily evaluated as a first‐line consideration [16]. In 
2004, the first study to investigate primary below‐knee stent‐ 
supported angioplasty (BKSSA) for restoring straight in‐line 
 arterial flow in patients with CLI demonstrated its clinical and 
hemodynamic efficacy and safety [17]. The study found that 
BKSSA is associated with a high rate of angiographic success, 
minimal major adverse events (MAEs; defined as death, stroke, 
myocardial infarction (MI), renal failure, retroperitoneal bleed, 
unplanned tibial/pedal bypass, major infection, compartment 
syndrome, acute renal failure, or need for procedure‐related 
transfusion), and short hospital stay, even in the elderly patient 
with multiple comorbidities [17].

Bare metal stents
Stent placement for IP disease has gained progressive attention. 
However, there is no level I evidence for primary stenting in IP arte-
rial disease. Several studies have shown mixed results, although the 
preponderance of the data do not support primary stenting in all 
cases of CLI. Randon et  al. [18] reported on a prospective rand-
omized trial that compared PTA alone with primary stenting for IP 
lesions. The authors randomized a total of 38 limbs in 35 patients to 
PTA (n = 22) or stenting (n = 16). Thirty‐six limbs had occlusions 

(a) (b)

Figure 80.3 An example of a successful percutaneous transluminal 
angioplasty (PTA): (a) before PTA; (b) after PTA.

Box 80.5 Summary of percutaneous t ransluminal angioplasty (PTA) 
access methods

Contralateral access
• Can be obtained but balloon’s shaft length and catheter length can limit 

the ability to reaching distal tibiopedal lesions
• Loss of ability of the crossing wire to carry torque, which affects pushability
• Device deliverability can pose a challenge because of t ortuosity and 

length limit

Antegrade femoral access
• Increases the ability to cross tibiopedal lesions because of the ability for 

pushability, deliverability, and availability of catheters, wires with ade-
quate support for catheter crossing

• Antegrade femoral access requires operator experience because the risk 
of multiple punctures resulting in hematoma is high

• Antegrade puncture can also cause difficulty in access management, 
especially in obese patients

Retrograde pedal access
• By this method you can attain optimal result especially when combined 

with a contralateral approach (SAFARI technique)
• Limitations are dissection during access and possible vessel closure
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and 20 had stenosis. They found no statistically significant differ-
ence in primary or secondary patency, limb salvage, or survival 
between the two groups at 12 months. This study was limited by 
small sample size, but is the setter for the trend with no worse 
o utcomes reported for primary stenting.

On the same theme, Brodmann et al. [19] performed a rand-
omized trial in patients with CLI in the setting of IP disease. They 
randomized 54 patients; 33 to PTA, and 21 to primary stenting 
with balloon‐expandable bare metal stents (BMS). Seventy‐five 
percent of patients had clinical improvement (81% in the PTA 
group and 65% in the stent group). Primary patency at 12 months 
was 48.1% with PTA and 35.3% with stents, with a secondary 
patency of 70% and 53%, respectively [19]. None of the differ-
ences were statistically significant. This study was also limited by 
the small size and failed to show a benefit of primary stenting 
over PTA alone.

Donas et al. [20] reported on a series of 53 high‐risk patients 
with CLI treated with IP arterial stent placements as bailout after 
suboptimal angioplasty. The authors used self‐expanding nitinol 
stents for all interventions. They treated 30 stenoses and 23 occlu-
sions with a mean lesion length of 5.5 ± 1.9 cm. Their mean fol-
low‐up was 24.1 months. They reported 98.1% technical success 
with 75.5% 2‐year cumulative primary patency. Freedom from 
amputation was reported at 88.7% with secondary patency of 
88%. They also showed that proximal lesions had significantly 
better patency than distal crural lesions (83.3% vs. 65.2%) and 
that there was no difference in patency between stenosis and 
occlusions [20]. Their conclusion was that IP stent placement is a 
durable bailout treatment option in high‐risk CLI patients with 
suboptimal angioplasty.

Drug‐eluting stents
The proven efficacy of drug‐coated stents in the treatment of coro-
nary artery disease gave rise to the notion that they might have a 
better patency than BMS in small IP vessels. Siablis et al. [21] con-
ducted a non‐randomized, prospective, single‐center study of the 
Cypher sirolimus‐eluting balloon‐expandable coronary stent (SES) 
versus a conventional balloon‐expandable BMS (Evolution, Spiral 
Force, Tsunami, or Zeus) employed for bailout after IP PTA (65 
lesions in 41 IP arteries) for CLI (Rutherford categories 4–6). 
Indications for bailout stenting (29 patients in each treatment 
group) were elastic recoil, flow‐limiting dissection, or residual 
s tenosis >30% after the initial PTA. Technical success was 96.6% in 
the BMS group versus 100.0% in the SES group. At 1 year, primary 
patency by intra‐arterial DSA (86.4% vs. 40.5%) was still signifi-
cantly higher and binary in‐stent restenosis (36.7% vs. 78.6%) and 
in‐segment restenosis (59.1% vs. 9%) were still significantly lower 
for the SES group. The SES was associated with significantly fewer 
cumulative target lesion revascularization (TLR) at 6 months (4.0% 
vs. 17.0%) and at 1 year (9.1% vs. 26.2%). At 1 year, the differences 
between the two groups in rates of mortality (13.8% for SES vs. 
10.3% for BMS), minor amputations (10.3% for SES vs. 17.2% for 
BMS), and limb salvage (100% for SES vs. 96% for BMS) were not 
significant.

Scheinert et  al. [22] treated 60 consecutive patients with IP 
artery obstructions under a protocol of primary implantation of 
SES or BMS into tibial and peroneal arteries. Inclusion criteria for 
this prospective registry were Rutherford category 3–6 and >70% 
diameter stenosis of the target lesion; maximum allowable lesion 
length was 30 mm, and only patients with lesions treatable with a 
single stent could be enrolled. Thirty patients (83.3% diabetics) 

received  balloon‐expandable Cypher stents, while 30 other 
patients (76.6% diabetics) received uncoated BMS (Bx Sonic). 
In 21 cases, inflow lesions in the femoral and/or popliteal arteries 
required treatment prior to the BTK intervention. At follow‐up 
(mean 9.3 months for the SES patients, mean 9.8 months for the 
BMS patients), the cumulative rate of MAEs was 10.0% for the SES 
patients versus 46.6% for the BMS patients. The rates of major 
amputation, bypass surgery, and TLR were all 0% for the SES 
patients and 10.0%, 0%, and 23.3%, respectively, for the BMS 
patients. There were three deaths in the SES group and four deaths 
in the BMS group. On angiographic follow‐up of 24 SES patients, 
no relevant obstructions were seen, while in the BMS group, the 
rate of binary restenosis was 39.1%; the mean degree of in‐stent 
restenosis was 1.8% ± 4.8% for the SES patients versus 53.0% ± 
40.9% for the BMS patients. Hence, drug‐coated stents achieve 
significantly higher primary and secondary patency than BMS for 
focal IP artery lesions.

In the PReventing Amputations using Drug eluting Stents 
(PaRADISE) trial 106 patients (118 limbs) were treated with 228 
DES. The number of stents per limb was 1.9 ± 0.9, and 35% of limbs 
received overlapping DES (length of 60 ± 13 mm). There were no 
procedural deaths, and 96% of patients were discharged within 
24 hours. The 3‐year cumulative incidence of amputation was 6% ± 
2%, survival was 71% ± 5%, and amputation‐free‐survival was 68% 
± 5%. TLR occurred in 15% of patients, and repeat angiography in 
35% of patients revealed a binary restenosis in 12% [17]. In the 
YUKON Drug‐Eluting Stent Below the Knee‐Randomized Double‐
Blind Study, the trial included 161 patients with mean target lesion 
length of 31 ± 9 mm. Thirty‐five (23.3%) patients died during a 
mean follow‐up period of 1016 ± 132 days. The event‐free survival 
rate was 65.8% in the SES group and 44.6% in the BMS group (log‐
rank p = 0.02). Amputation rates were 2.6% and 12.2% (p = 0.03), 
and target vessel revascularization rates were 9.2% and 20% (p = 
0.06), respectively [21]. The Destiny trial and Achilles study showed 
similar results as the prior two studies and showed the importance 
of DES in IP lesions for patency rates. Advances in DES could be 
field changing [23].

The use of balloon‐expandable BMS as well as drug‐eluting 
stents (DES) in BTK lesions are endovascular technologies with the 
promise of significant inhibition of vessel restenosis and improved 
clinical outcomes [16]. Patency and limb salvage rates are all quite 
similar in the short term, with limb salvage rates higher in general 
versus vessel patency rates (70–100% vs. 60–80% at 1 year) [16]. 
However, bailout DES achieves superior long‐term primary patency 
rates compared with bailout BMS. Balloon expandable BMS were 
found to improve the initial technical success rates of BTK endovas-
cular treatment but did not result in satisfactory long‐term results 
mainly because of the phenomenon of in‐stent restenosis [13]. 
Restenosis remains the leading unresolved issue following every 
kind of endovascular treatment and is mainly attributed to the con-
tinuous mechanical irritation caused by the metal stent mesh, 
resulting in the inflammatory–proliferative response of the vessel 
wall, subsequent intimal hyperplasia, negative remodeling, and 
finally restenosis [13].

Drug‐coated balloons
Drug‐coated balloon (DCB) technology has emerged as a potential 
answer to the limitations presented by the utilization of DES and is 
based on the combination of balloon angioplasty and local, single‐
dose, cytostatic drug delivery, without the permanent implantation 
of an endovascular device, with the aim to lower restenosis rates 
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[13]. An advantage of DCB technology is the superior drug dose 
fixed on the balloon’s surface compared with the dose on the surface 
of DES, potentially resulting in higher dose delivery to the target 
vessel [13]. There are a variety of diverse DCB catheters available 
for IP use and although they all use the same type of drug (pacli-
taxel) and dosage (3 μg/mm), the coating technology is completely 
different [24]. More recently, bioabsorbable variations are being 
investigated and short‐term results are anticipated in the near 
future [16].

Cryoplasty, peripheral cutting balloon, and AngioSculpt 
Scoring Balloon
Studies investigating the use of PTA with adjunctive therapies such 
as cryoplasty, peripheral cutting balloon, and AngioSculpt Scoring 
Balloon provide more meaningful and current information regard-
ing the role of PTA.

Cryoplasty
Cryoplasty (cold balloon angioplasty) combines the pressure of 
angioplasty with cold energy by delivering nitrous oxide to inflate 
a non‐compliant balloon [1]. Cryoplasty using the PolarCath 
Peripheral Dilatation System (Boston Scientific Corporation) has 
an FDA indication for treating stenotic lesions in the peripheral 
vasculature (iliac, femoral, popliteal, IP, renal, and subclavian 
arteries) among other indications [16]. During inflation of the bal-
loon, within a separate lumen in the balloon catheter, liquid 
nitrous oxide is converted to gas thereby cooling the surface of the 
balloon to –10°C [16]. The theoretical mechanisms of action 
involve altered plaque response, reduced elastic recoil, and induc-
tion of apoptosis within the endothelium, thereby reducing the 
rate of restenosis. Cryoplasty has been used as an effective primary 
strategy for limiting the incidence of dissection, vessel recoil, and 
subsequent intimal hyperplasia and restenosis associated with the 
endovascular dilatation of atherosclerotic lesions in the peripheral 
vasculature [25].

The BTK Chill Trial, examining the use of primary cryoplasty 
for BTK occlusive disease in patients with CLI, included 
108  patients involving 111 limbs with 115 target IP lesions. 
The  primary endpoints were acute technical success (ability to 
achieve ≤50% residual stenosis and continuous inline flow to the 
foot) and absence of major amputation of the target limb in 
6 months. Acute technical success was achieved in 108 (97.3%) of 
treated limbs, and major amputation at 6 months was avoided in 
85 of 91 patients (93.4%) [25]. The study group concluded that 
cryoplasty therapy was safe and effective in treating IP disease, 
providing excellent results and a high rate of limb salvage in 
patients with CLI [26].

Peripheral cutting balloon
In cutting balloon angioplasty, the balloon contains three or four 
sharp microtomes fixed longitudinally about the outer surface of 
a non‐compliant balloon [1]. Radial expansion of the balloon 
results in longitudinal incisions in the plaque, thereby relieving 
hoop stress in the arterial wall [1]. Use of the peripheral cutting 
balloon for BTK intervention has been described as an effective 
alternative for IP lesions with significant calcification and/or 
resistance to standard PTA [16]. A single institution study 
of  its  use in the IP segment found the technical success rate 
was 80% which improved to 100% when adjunctive stenting was 
included [1].

AngioSculpt Scoring Balloon
The AngioSculpt Scoring Balloon is a semicompliant balloon 
with a flexible nitinol‐scoring element that scores the target 
lesion with the intended effect of a more uniform and precise 
outcome [16].

Atherectomy
The mechanical atherectomy device removes plaque with a rotating 
blade and captures the plaque in a catheter housing which requires 
intermittent emptying [1]. The use of atherectomy in the IP seg-
ment has been largely based on the idea that “debulking” or “lesion 
prep” will provide a more acceptable acute and more durable angio-
plasty or stenting result. Numerous registries and single‐center 
studies have been published, but these have the inherent weak-
nesses of studies of this design, namely, there are no randomized or 
comparative data.

Most physicians use atherectomy as an adjunct to PTA or stent-
ing and it has become more widespread in the last several years 
with the development of devices such as the Silver Hawk Plaque 
Excision System (Plymouth, MN, USA), the Diamondback 
360Orbital Atherectomy System (St. Paul, MN, USA), the CLiRPath 
Turbo Elite laser catheter (Colorado Springs, CO, USA), and the 
Jetstream Atherectomy Catheter (Kirkland, WA, USA) [13]. The 
Silver Hawk Plaque Excision System is an excisional atherectomy 
device with a rotating carbide atherotome that is able to capture 
the  plaque in the nose cone of the device and remove it. The 
Diamondback 360Orbital Atherectomy System is based on the idea 
of differential “sanding” of complex and calcified plaque, using 
centrifugal force to orbit a diamond‐encrusted crown within 
the  vessel to create a more compliant vessel for adjunctive PTA 
or stenting. The OASIS trial was a multicenter, non‐randomized, 
prospective registry evaluating the safety and efficacy of the 
Diamondback device. The CLiRPath Turbo Elite laser catheter 
uses an excimer (excited dimer) laser that generates 308‐nm pulsed 
ultraviolet light to “photoablate” plaque, thereby creating a channel 
to perform additional intervention [16].

Excisional atherectomy
Atherectomy devices are designed to debulk and remove athero-
sclerotic plaque by cutting, pulverizing, or shaving with catheter‐
deliverable blades. The development of the Silver Hawk excisional 
atherectomy catheter (Minneapolis, MN, USA) has occasioned 
some renewed interest in directional atherectomy, a technique that 
has historically been associated with high restenosis rates in the 
coronary and peripheral vasculature [27]. Like the excimer laser, 
excisional atherectomy offers the theoretical advantage, compared 
to PTA and stent implantation, of eliminating stretch injury on 
arterial walls, limiting acute dissection (and the need for adjunctive 
stenting) and elastic recoil, and thereby potentially reducing post‐
procedure inflammation and the rate of restenosis. Kandzari et al. 
[28] used the device to treat 160 lesions (40% IP, mean length ATK 
74 mm, mean length BTK 51 mm; 34% total occlusions, 80% mod-
erate to severe calcification) in 69 patients with severe CLI 
(Rutherford categories 5–6, 78% diabetics, 55% with ≤1 patent run-
off vessel) at seven different sites. Residual diameter stenosis after 
the procedure was <50% in all but one of the procedures; adjunctive 
angioplasty was employed without stent placement in 11% of the 
procedures, and stents were placed in 6%. There were no reported 
instances of perforation or embolization and only one instance of 
abrupt closure. The 6‐month rate of major adverse events was 23%, 
reflecting the significant comorbidity of the patient group. There 
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was no morphologic measurement of restenosis reported; the rate 
of TLR was 4%. Through 6‐month follow‐up, there were no 
unplanned amputations; in 82% of patients amputation was either 
less extensive than initially planned or avoided altogether.

Zeller et  al. [29] reported outcomes through 2 years for 
SilverHawk treatment of 49 BTK lesions (mean length 46 mm, 
mean diameter stenosis 89%; 22% total occlusions, 18% in‐stent 
restenosis) in 36 patients (53% with CLI, 61% diabetics). 
Predilatation was required for 33% of the lesions. Post‐atherectomy 
angioplasty was performed for 38% of the lesions, and 4% required 
stent implantation as a result of dissection. Mean residual stenosis, 
which was 12% following the atherectomy, was reduced to 8% fol-
lowing any adjunctive therapy; residual stenosis ≤30% was achieved 
in 98% of lesions. The mean ABI increased significantly from 0.48 
± 0.39 to 0.81 ± 0.10 (p <0.05) before discharge and remained 
improved during follow‐up. Primary and secondary patency rates 
(<70% restenosis by duplex ultrasound and/or angiography) were 
67% and 91% after 1 year and 60% and 80% after 24 months. The 
rate of restenosis was significantly lower for lesions <50 mm in 
length versus those ≥50 mm (25.8% vs. 44.4%; p <0.05).

Many have suggested that stenosis in the IP arteries can be 
treated by atherectomy without predilatation, while occlusions 
should be predilated with an undersized balloon to ensure that 
the wire crosses the occlusion intraluminally. It is strongly 
advised against the use of atherectomy in cases in which the 
occlusion was crossed subintimally because of the potential for 
perforation.

Excimer laser‐assisted angioplasty
Continuous wave laser were evaluated and abandoned for periph-
eral interventions in the late 1980s because of the high complica-
tion rate caused by thermal damage to surrounding tissue [30]. In 
contrast, excimer laser angioplasty of the leg arteries has been prac-
ticed commercially in Europe since 1994 [31]. The 308 nm excimer 
laser utilizes flexible fiberoptic catheters to deliver intense, short 
duration pulses of ultraviolet (UV) energy. The advantages of 
pulsed UV energy lies in the short penetration depth of 50 μm and 
its ability to break molecular bonds directly, by a photochemical 
instead of thermal process. Excimer laser catheters remove a tissue 
layer of about 10 μm with each pulse of energy. Tissue is vaporized 
only on contact without a consequent rise in temperature to 
s urrounding tissue.

The multicenter Laser Atherectomy for Critical Ischemia (LACI) 
trial of excimer laser‐assisted angioplasty treated 423 lesions (41% 
SFA, 15% popliteal, 41% IP) in 155 limbs (91% with at least one 
occlusion) of 145 patients with CLI (Rutherford categories 4–6, 
69% with tissue loss, 66% diabetics) who were determined to be 
poor candidates for surgical revascularization. Procedural success 
(defined as <50% residual stenosis in all treated lesions) was 
achieved in 85% of the treated limbs [32]. The median total length 
of treated artery per limb was 11.0 cm. Procedural complications, 
occurring in 12% of the treated limbs, included major dissection 
(4%), acute thrombus formation (3%), distal embolization (3%), 
and perforation (2%). The excimer procedure was followed with 
adjunctive balloon angioplasty in 96% of the limbs. Stents (mainly 
bare nitinol) were placed adjunctively in 61% of the SFA lesions, 
38% of the popliteal lesions, and 16% of the tibial lesions. Mean 
lesion stenosis (by visual estimate) was decreased from 92% at 
baseline to 55% after laser debulking and to 18% at final assess-
ment. At 6‐month follow‐up, limb salvage was achieved in 110 of 
119 (92%) surviving patients (118 of 127 limbs; 93%); 56% of 

ischemic ulcers had healed completely [33]. Despite treating a very 
unfavorable patient cohort, excimer laser‐assisted angioplasty 
achieved limb salvage comparable to the gold standard of bypass 
surgery. Following the LACI protocol, a single‐center US registry 
and a five‐center Belgian trial achieved comparable outcomes with 
the device [34,35].

Rotational atherectomy with aspiration
The Pathway PV system (Kirkland, WA, USA) has a unique feature 
compared to other rotational atherectomy devices. The ability to 
remove the atherectomized plaque material through aspiration 
ports reduces the risk of obstructing the microvasculature and 
avoids increasing erythrocyte degradation products, especially in 
patients with impaired renal function. High‐speed rotational 
devices without aspiration capabilities increase these degradation 
products, such as haptoglobin and potassium, which can result in 
life‐threatening cardiac arrhythmias [36]. Additionally, the aspira-
tion feature of the catheter allows the device to be used in lesions 
containing both occlusive material, including solid, even calcified 
plaque and fresh thrombus. Potentially, the Pathway PV can be 
used as a thrombectomy device in subacute and acute vessel 
occlusions.

Zeller et al. [29] reported results on a prospective non‐rand-
omized multicenter trial using a rotational atherectomy system 
with aspiration capabilities. In this study, a 99% technical success 
rate was achieved using the Pathway PV Atherectomy System in 210 
infrainguinal cases. Adjunctive balloon angioplasty was performed 
in 59% and stenting in 7%. Primary and secondary patency rates at 
1 year were 61.8% and 81.3%, respectively. The 1‐year limb salvage 
rate was 100%. These patency rates are similar to the Silver Hawk 
study cohorts.

Orbital atherectomy
The Diamondback 360Orbital Atherectomy System (St. Paul, MN, 
USA) uses a plaque ablation catheter. This has an abrasive eccentri-
cally shaped crown with a diamond‐coated surface, which rotates 
and creates lumen enlargement by plaque abrasion. Orbital atherec-
tomy appears to have some similarities to mechanical rotational 
atherectomy (Rotablator, Natick, MA, USA). However, the 
Rotablator has greater limitations with respect to device size and 
lumen enlargement. Although the efficiency of lumen enlargement 
is 92% for Rotablator (a 2‐mm burr will create a lumen diameter of 
1.8 mm) [37], it is greater than 175% for orbital atherectomy.

A prospective, non‐randomized, multicenter registry examined 
the safety and 6‐month outcomes of 124 patients IP disease and 
either CLI or claudication. A total of 90.1% of patients achieved 
the primary outcome of <30% final diameter stenosis and no 
major amputations at 6 months (2.4% minor amputations). 
Adjunctive angioplasty was performed in 39.3% and stenting in 
2.5% of lesions [38].

Complications of endovascular 
procedures
As with open vascular surgery procedures, the potential for life and 
limb‐threatening complications can occur with endovascular pro-
cedures. The number of endovascular procedures being performed 
is increasing rapidly and so complications of procedures are being 
encountered with increasing frequency [1]. Immediate complica-
tions occurring during or shortly after IP endovascular procedures 
are reported in 2–10% of cases [8]. As all vascular punctures cause 
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injury to a vessel access site, complications can occur including 
chronic pain, hematoma, pseudoaneurysms, AV fistula, vessels 
thrombosis, vessel rupture, embolization, and dissection. Up to 1% 
of all patients revascularized will develop a graft infection second-
arily to wound breakdown with a 15% mortality rate and 40% inci-
dence of major limb loss [39]. Postoperative lymphedema is 
considered an important factor in prolonging incisional healing 
and patient discomfort [39]. To help limit complications constant 
technologic advancements are being made in catheter and wire 
construction so the best selection of specific tools is used. Imaging 
technology is optimized to improve diagnostic accuracy and 
t herapeutic precision.

Conclusions
CLI is a complex multifactorial disease and encompasses the 
most extreme end of the PAD spectrum leading to significant 
morbidity and mortality [24]. Preventing amputation in CLI is 
arguably the most important goal and is predicated on the ability 
to restore and maintain straight line tibial arterial flow to the 
foot. Favorably, as the management of patient with CLI evolves, 
the number of major limb amputation rates will continue to 
decline significantly.

Historically, bypass surgery with autogenous veins for flow 
 restoration has been the first‐line revascularization therapy for CLI; 
however, advances in endovascular techniques and device technol-
ogy has changed the treatment paradigm [40]. Angioplasty has 
become the first‐line intervention for patients with BTK CLI with 
lower morbidity and mortality than surgical treatments, which 
should be considered for more complex anatomic lesions of BTK 
vessels or in patients with endovascular failure and persisting 
c linical symptoms of CLI [41]. Despite extensive research into 
interventional modalities for treatment of lower extremity athero-
sclerotic disease, all treatments are associated with some degree of 
recurrence and an inability to achieve long‐term patency [1]. 
Things to look out for in the future of BTK interventions include 
bioabsorbable platforms as better biocompatibility is important to 
reduce the need for long‐term antiplatelet therapy and reduce the 
risk of thrombosis [23].

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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Subclavian and upper extremity 
arterial disease
Epidemiology
Upper extremity vascular diseases are significantly less common 
than those involving the lower extremities. Nevertheless, they are 
important because of the potentially disabling effects on arm and 
hand function. Upper extremity vascular disease can be conceptu
ally divided into “large‐artery” disease involving the inflow arteries, 
such as the subclavian and axillary arteries, or “small‐artery” dis
ease involving the arteries distal to the wrist. While the list of occu
pational factors and medical conditions associated with small‐artery 
disease is long and heterogeneous [1], the causes of upper extremity 
large‐artery disease is more limited and includes atherosclerosis of 
the subclavian artery; arteritis (giant cell or Takayasu’s arteritis); 
thoracic outlet syndrome; and radiation arteritis. Fibromuscular 
dysplasia (FMD) rarely occurs in the inflow arteries of the upper 
extremity and causes occlusive disease [2]. Use of drugs causing 
vasospasm, such as ergotamine, cocaine, and amphetamines, can 
cause intense upper extremity arterial vasospasm. Embolism from a 
proximal source, including the ascending aorta and cardiac sources 
of embolism, must be considered in patients presenting with acute 
thrombotic occlusion on the arteries in the upper extremity, especially 
if the disease in unilateral.

Causes of subclavian and upper extremity 
arterial disease
Atherosclerosis
Hemodynamically significant atherosclerosis is 20 times less 
c ommon in the upper extremities than the lower extremities. When 
atherosclerosis causes a hemodynamically significant stenosis in 
the upper extremity, it is almost always localized to the proximal 
subclavian artery; atherosclerosis distal to the subclavian artery is 
very uncommon [3].

Takayasu’s arteritis and giant cell arteritis
Takayasu’s arteritis (TA) and giant cell arteritis (GCA) are granuloma
tous arteritides that can involve the aorta and its major branches [4].

Takayasu’s arteritis has higher prevalence rates in Asian countries, 
including Japan, Korea, India, and China, than in Western countries 
[5]. Most patients present in their third decade, and are usually 
female. Constitutional symptoms, such as fatigue or low‐grade 

fevers, are present in up to 40% of patients [6]. However, TA can be 
an incidental finding given that up to 20% of patients are asympto
matic. The most common vascular symptom in TA is arm claudica
tion, occurring in 60% of patients, reflecting disease predilection for 
the aortic arch vessels [7,8]. TA should be suspected in any young 
(age <40 years) patient presenting with evidence of arterial stenosis 
or occlusion despite the absence of traditional cardiovascular 
risk  factors, with no history of drug abuse (especially cocaine 
and  amphetamines), and who have no evidence of an underlying 
prothrombotic state (e.g., antiphospholipid antibody syndrome) or 
causes of accelerated atherosclerosis. Importantly, serum markers of 
systemic inflammation, such as erythrocyte sedimentation rate 
(ESR) and C‐reactive protein (CRP), can be normal in up to 50% of 
patients, even in those with active disease.

Elevated plasma levels of interleukin‐6 have been found to 
closely correlate with disease activity, and can be useful clinically 
for monitoring and treatment adjustments in patients with TA [9]. 
In TA, vessel wall inflammation results in stenosis, occlusion, and 
potentially secondary thrombosis in involved arteries. The innomi
nate and subclavian arteries are most frequently involved, followed 
by the aorta, common carotids, and renal arteries. Aneurysms 
develop as a long‐term sequela of TA, with higher prevalence rates 
in Asian countries. In terms of treatment, glucocorticoids are the 
mainstay of treatment in TA, with resolution of symptoms in 
25–100% of patients.

Giant cell arteritis is a relatively common arteritis that usually 
affects individuals older than 50 years, with a mean age of 70 years, 
and a female : male ratio of 2 : 1 [10]. Constitutional symptoms are 
common, and are often the reason why patients seek medical atten
tion. Polymyalgia rheumatic (PMR), which is closely linked to 
GCA, is seen in up to 40% of patients with GCA and is character
ized by symmetrical, proximal aching; morning stiffness, bursitis, 
and tenosynovitis. Headache is common in GCA, and tends to be 
localized to the temporal areas, where the temporal arteries can be 
quite tender. Vision loss is one of the most feared complications of 
CGA, and is caused by ischemia of the optic nerve. Approximately 
15% of patients develop arterial occlusive disease of the large 
arteries of the upper extremities. Although upper extremity sten
oses typically occur in the subclavian and axillary arteries, brachial 
artery stenoses also occur. Exclusion of atherosclerotic disease, 
which is also common in this patient population, is an essential step 
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in the management of these patients. Similar to TA, a normal ESR 
or CRP does not rule out the possibility of GCA. However, the diag
nosis should ideally be confirmed by temporal artery biopsy. In 
terms of treatment, GCA is extremely sensitive to steroids.

Thoracic outlet syndrome
Thoracic outlet syndrome (TOS) refers to the extrinsic compression 
of the subclavian artery, subclavian vein, and/or brachial plexus, as 
these course through the scalene triangle, formed by the first rib, the 
clavicle, the scalenus medius muscle, and the costoclavicular liga
ment. The type of TOS depends on the structure that is compressed: 
arterial TOS results from compression of the subclavian artery, 
venous TOS from compression of the subclavian vein, and neuro
genic TOS from compression of the brachial plexus. Neurogenic 
TOS is by far the most common form of TOS; patients typically 
present with paresthesias, weakness, or pain in the hand, arm, or 
shoulder. Raynaud’s phenomenon and cold hands are often seen. 
Patients with venous or arterial TOS usually have a history of repet
itive physical exertion using their upper extremities (e.g., baseball 
pitcher, weightlifting). Patients with venous TOS (also called Paget–
Schroetter syndrome) present with arm swelling. Patients with arte
rial TOS (the least common form of TOS) present with arm 
claudication, or hand/digit ischemia from distal embolization.

The evaluation of patients with suspected TOS includes 
m easurement of bilateral brachial blood pressures, as well as pulse 
examination or pulse volume recordings with provocative maneu
vers, such as the Adson and EAST (external rotation and abduction 
stress test) maneuver. Plain X‐rays are useful for the evaluation of 
cervical ribs. Cross‐sectional imaging studies, such as CT angiogra
phy or MR angiography, are often used, as well as electromyography 
and nerve conduction tests for the evaluation of neurogenic TOS.

Radiation
Although overall uncommon, radiation‐induced arterial injury is a 
well‐documented complication in patients with a history of 
p revious head and neck or mediastinal radiation. The pattern of 
radiation arteritis depends on the time period elapsed since radia
tion therapy. Early disease (<5 years since irradiation) is often 
caused by endothelial injury and mural thrombus. Late disease 
(usually 10 years or more following irradiation) is caused by fibrotic 
occlusion of the artery or accelerated atherosclerosis. In radiation‐
induced arteritis, stenoses or occlusions tend to be caused by 
smooth vessel narrowing. Calcification and fibrosis often pre
dominates in the wall of the artery that was in closest proximity 
to the radiation source.

Diagnostic evaluation
History and physical examination
All patients with upper extremity arterial disease should have a 
detailed cardiovascular history taken. Especially important aspects 
that should be covered in the patient’s history include:
• Description of the symptoms, whether their onset was insidious 

or acute, unilateral or bilateral, persistent or intermittent, history 
of Raynaud’s, and the presence of ulceration;

• Relevant comorbidities, such as autoimmune disorders, 
c ardiovascular risk factors, prothrombotic states;

• Tobacco use;
• Drugs and medications, especially argot alkaloids, chemothera

peutic agents, cocaine, amphetamines;
• Occupational exposures, including those associated with TOS, 

vibration injury; and

• Relevant review of symptoms, especially those suggestive of an 
underlying rheumatologic or autoimmune disorder, or a pro
thrombotic state.

The upper extremity exam should focus on:
• Inspection: changes that may uncover an underlying connective 

tissue disorder (e.g., CREST syndrome), distal embolization to a 
digit (e.g., digit pallor, or discoloration), and the presence of 
ulceration.

• The subclavian, axillary, brachial ulnar, and radial pulses should 
all be carefully noted and compared with the contralateral side. 
An Allen’s test should be performed. If TOS is suspected, pro
vocative maneuvers should be elicited while palpating the radial 
pulse.

Non‐invasive and invasive studies
Non‐invasive vascular testing can be broadly classified as: (i) func
tional (or physiologic) studies that provide information on the 
hemodynamic effects of arterial occlusive disease in the upper 
extremity, and (ii) anatomic studies that provide detailed informa
tion about the location and other physical characteristics related to 
the occlusive disease. The presence and extent of upper extremity 
ischemia can be gauged through physiologic studies, which include 
the wrist‐brachial index (WBI), pulse volume recordings (PVRs), 
and digit photoplethysmography (PPG). CT and MR angiography 
provide anatomic data. Duplex ultrasonography provides anatomic 
as well as hemodynamic information.

The WBI is the ratio of the systolic blood pressure measured at 
the wrist to the pressure measured at the brachial artery, and indi
cates the presence of occlusive lesions between the brachial arteries 
and distal radial and ulnar arteries. A WBI is reported for each arm. 
A WBI <0.7 is considered abnormal. Instead of measuring the pres
sure at the wrist (i.e., distal radial or ulnar artery), the ratio can be 
obtained between the finger pressure and the brachial pressure, 
resulting in a finger‐to‐brachial pressure index (FIBI). An FIBI <0.7 
is considered abnormal.

Similar to the lower extremities, PVR tracings can be obtained in 
the upper extremities [11]. Cuffs are placed in the upper arms, fore
arms, and wrists. Systolic blood pressures are obtained by Doppler at 
each level (Figure  81.1a). Systolic pressures are compared with 
adjoining levels in the ipsilateral limb, as well as with the contralat
eral one. A blood pressure differential that exceeds 15–20 mmHg is 
suggestive of the presence of significant occlusive disease proximal 
to that level. PVRs depict changes in the volume of the limb during 
arterial pulsations. A normal PVR waveform is similar to the wave
form seen with intra‐arterial blood pressure tracings, and consists of 
a rapid systolic upstroke, a rapid initial downstroke, a prominent 
dicrotic notch, and smooth late equalization in the remainder of 
diastole. When a PVR waveform is deteriorated (or blunted), occlu
sive disease in a proximal segment should be suspected. With severe 
disease, the waveforms ultimately become flat or n on‐pulsatile. If 
PVR waveforms in both upper arms are severely dampened, a car
diac etiology, including severe aortic stenosis, should be considered.

Ten‐digit PPG should be part of a complete upper extremity non‐
invasive arterial evaluation. PPGs are performed by placing a 
strapped sensor in the distal end of each finger to measure changes 
in blood flow. Finger PPG tracings showed be obtained with the 
patient as warm as possible. A normal finger PPG tracing consists 
of a rapid upstroke, sharp systolic peak with reflected wave. With 
decreased blood flow, for example as seen with a proximal severe 
stenosis or vasospasm, the waveforms become dampened, with low 
amplitude, and may even flatline (Figure 81.1b).
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Maneuvers for the thoracic outlet syndrome
These maneuvers are used to evaluate patients suspected of having 
arterial TOS. In each of the maneuvers, the radial artery is palpated. 
With a positive test, the amplitude of the pulse is decreased. It should 
be mentioned that there are a significant number of false positive 
results, as occlusion of the subclavian artery can be elicited by 
forceful TOS maneuvers, even in healthy individuals without TOS.
• Adson’s test: the patient sits upright, takes a deep breath in, looks 

upward, and turns his head to the affected side.
• EAST maneuver: The patient is asked to extend his/her arms, 

externally rotated and behind the head. The patient makes 
fists repeatedly for 3 minutes. Radial pulses are felt at the end 
of the test.

• Military position: shoulders are thrust downward and backwards 
maximally.

Duplex ultrasonography
Normal Doppler signals in the upper extremity should be tripha
sic. A change from triphasic to biphasic can be significant; how
ever, in some patients biphasic flow patterns are normal. 
Monophasic waveforms with prominent diastolic flow are always 
abnormal and are usually seen distal to severe stenosis or occlu
sion. Waveforms in areas of severe stenosis often demonstrate high 
velocities and spectral broadening, reflecting turbulent blood flow. 
If the ratio between the velocity at the area of stenosis and the 
velocity in the proximal arterial segment is >4, a 75–99% stenosis 
is suspected (Figure 81.2).

Computer tomography and magnetic resonance 
angiography
CT angiography (CTA) and magnetic resonance angiography 
(MRA) have become among the most valuable non‐invasive imag
ing modalities for the assessment of upper extremity vascular dis
eases. The vessel wall can be well visualized, aiding in the diagnosis 

of large‐vessel vasculitis, such as TA. Modern reconstruction 
p ackages allow the three‐dimensional presentation of volumetric 
information, which can be of significant value in vascular interpre
tation. These modalities are most useful for the visualization of the 
proximal larger arteries of the upper extremities. Their value is 
more limited in the visualization of the small distal arteries of the 
arm and hand. PVRs can be measured instead of feeling the radial 
pulsations by physical examination alone.

Catheter‐based angiography
Catheter‐based angiography should be reserved for patients who 
may require an endovascular intervention, or to those in whom the 
architecture and morphology of the distal arm, hand, and digit 
arteries must be investigated, for example, in a case of small‐vessel 
arterial occlusive disease (Figure 81.3).

Treatment
Medical management
The treatment of GCA is often initiated on the basis of clinical 
suspicion. Most patients respond to prednisone 60 mg/day 
within 3–5 days. Patients with immediately threatening symp
toms, such as visual loss, should be treated with pulsed intrave
nous methylprednisolone 1000 mg/day for 3 days. Low dose 
aspirin should be started, provided that there are no contraindi
cations, to reduce the risk of associated ischemic complications 
such as vision loss.

Most patients with TA require immunosuppressive agents, 
i nitially begun as prednisone 1 mg/kg/day for 1–3 months [12]. 
If  remission and improvement of the disease is not evident, the 
addition of cytotoxic agents such as methotrexate, azathioprine, 
cyclophosphamide, or mycophenolate mofetil can be effective. 
The latter is shown to achieve 90% clinical resolution of symp
toms in patients for whom conventional medical therapy has 
failed [13].

(a) (b)

Figure 81.1 (a) Bilateral upper extremity wrist‐brachial indices, pulse volume recordings (PVR), and segmental pressures. A significant brachial 
pressure differential is noted. PVR waveforms on the right are normal, with brisk upstrokes and dichrotic notches. Left upper and lower arm PVR 
waveforms are markedly blunted, suggesting disease proximal to the brachial artery. (b) Finger photoplethysmography (PPG) tracings are normal 
on the right, and severely blunted on the left.
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Surgical management
Surgical management of GCA and TA is reserved for when the dis
ease is quiescent. Indications for arterial reconstruction include 
lesions that produce hemispheric cerebral symptoms, rest pain, 
effort fatigue, embolism, vertebral–subclavian steal syndrome, or 
coronary ischemia as a result of subclavian–coronary steal 
s yndrome in patients who have undergone internal mammary to 
coronary bypass.

Surgical options can be performed through the chest or neck for 
patients with subclavian and upper extremity occlusive disease. 
Selection of surgical option depends on the location, extent, pre
senting symptoms, and patient comorbidities. The three most com
mon reconstruction procedures are carotid–subclavian bypass, 
carotid–subclavian transposition, and aorto‐innominate/aorto‐
carotid bypass.

In patients with venous TOS, surgical decompression of the 
thoracic outlet is indicated; however, the timing of surgical 
decompression is controversial. Some groups use decompres
sion within 3–6 months with interim use of oral anticoagulation 
[14]. The surgical treatment of arterial TOS is indicated in all 
symptomatic patients with ischemia and in those who are 
asymptomatic but have aneurysmal degeneration. Surgical 
decompression consists of resection of a cervical rib followed by 
either primary repair of the diseased subclavian artery or 
replacement bypass with a prosthetic conduit. In patients with 
neurogenic TOS, 70% will respond to physical therapy for 

8 weeks. Patients who fail to achieve symptomatic improvement 
may require surgical management [15].

Endovascular management
Percutaneous repair of the subclavian artery has shown excellent 
initial success in comparison with surgical options. However, long‐
term durability favors surgical revascularization. A femoral 
approach is usually adequate. Unfractionated heparin should be 
administered prior to selective catheter engagement to prevent 
thrombus from forming and embolization. Non‐selective angiogra
phy in a 45° left anterior oblique (LAO) projection is usually per
formed with a pigtail catheter in the ascending aorta. Selective 
catheterization of the supra‐aortic vessels is usually achieved with a 
JR4, Headhunter, or angled Glide catheter. The diseased vessel is 
commonly crossed with either a non‐hydrophilic or a hydrophilic 
0.035‐inch wire. In the case of crossing the lesion with a hydrophilic 
wire, it is then exchanged for a 0.035‐inch non‐hydrophilic wire. 
The diagnostic catheter is then exchanged for a long 6–7 Fr 90 cm 
sheath, or alternatively can be telescoped over the diagnostic cath
eter until it reaches the subclavian artery proximal to the diseased 
segment. Selective angiography with a non‐inflated predilatation 
balloon matched to the reference vessel size is performed in two 
views: LAO 40° to position the balloon in the ostium, and a con
tralateral cranial view to determine the proximity of the distal end 
of the balloon to the origin of the vertebral artery. After predilata
tion, the sheath is telescoped over the balloon and exchanged for a 

Figure 81.3 Same patient as Figure 81.1. Angiogram of the aortic arch and its branches shows severe stenosis in the proximal left subclavian artery.

Figure 81.2 Same patient as Figure 81.1. A significant velocity shift is seen in the left subclavian vein, associated with monophasic waveforms. 
These findings indicate the presence of a severe (75–99%) stenosis.
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balloon expandable or self‐expandable stent for ostial or non‐ostial 
lesions, respectively. The stent is unsheathed and deployment is car
ried out using the two views previously described. Post‐angioplasty 
angiography is performed, after which the equipment is removed.

In the case of TOS, those presenting with acute subclavian–
a xillary venous thrombosis, catheter‐directed thrombolysis is the 
preferred initial management strategy. If started within 14 days of 
symptom onset, the likelihood of success is good when combined 
with thoracic outlet decompression [16].

Vertebral artery disease
Epidemiology and clinical presentation
Approximately 80% of strokes are ischemic in origin. However, one 
in four ischemic strokes occur in the posterior circulation [17]. 
Patients with symptomatic vertebrobasilar insufficiency (VBI) have 
a 25–40% incidence of vertebral artery stenosis (VAS) [18]. 
However, symptoms of vertebrobasilar ischemia such as dizziness, 
ataxia, visual disturbances, and motor sensory deficit are rare. It is 
well known that ligature of one of two vertebral arteries is well toler
ated in humans [19,20]. Even though atherosclerotic occlusive dis
ease of both vertebral arteries is the most common culprit, other 
combinations of innominate, carotid, or subclavian artery stenosis 
can compromise the posterior circulation and elicit symptoms of 
vertebrobasilar insufficiency.

The prognosis for patients with atherosclerotic occlusion of the 
VBS is poor, with 80–100% mortality [21]. Symptomatic VBI car
ries a 5–11% incidence of stroke or death at 1 year [22,23]. Transient 
ischemic attacks (TIA) resulting from extracranial VAS are associated 
with a stroke rate of 30% at 5 years [24].

Treatment
The initial treatment consists of antithrombotic and antiplatelet 
therapy. However, there is lack of evidence supporting the use of 
these drugs for this disease or comparing these drugs with other 
treatment options [25,26]. If symptoms continue despite maximal 
medical therapy, an arch and four‐vessel angiography, CTA or mag
netic MRA is indicated [24].

Three surgical techniques to revascularize one vertebral artery in 
bilateral symptomatic disease have been described: transection of 
the vertebral artery above the stenosis and re‐implantation into the 
ipsilateral subclavian or carotid artery; vertebral artery endarterec
tomy; or vein patch angioplasty. These approaches carry significant 
morbidity [27]. In one series by Berguer et  al. [28], 174 patients 
undergoing proximal vertebral artery reconstruction had no in‐
hospital death but reported complications: recurrent laryngeal 
nerve palsy 2%; Horner’s syndrome 15%; lymphocele 4%; chylotho
rax 0.5%; and acute thrombosis 1%. Secondary patency rates were 
95% and 91% at 5 and 10 years, respectively. Seventy‐five patients 
undergoing reconstruction of the distal vertebral artery had a mor
tality of 4% and an immediate graft thrombosis rate of 8%. 
Secondary patency rates for distal vertebral reconstruction were 
87% and 82% at 5 and 10 years, respectively. Other reports quote a 
combined morbidity and mortality rate of VAS of 10–20% and have 
dampened enthusiasm for this option [29].

The first reported successful treatment of the vertebrobasilar 
system by intraoperative percutaneous transluminal angioplasty 
(PTA) was by Sundt et al. in 1980 [30]. As the most common loca
tion for VAS is at or near its origin from the subclavian artery, con
siderable recoil often accompanies PTA alone. Endoluminal 
stenting of the vertebral artery lesion is an attractive approach, 

which has proven safety, efficacy, and durability as evidenced by 
low recurrence rates (Figure 81.4).

Endovascular technique
The femoral approach is the most common access site. Patients 
should receive aspirin 325 mg/day and clopidogrel 75 mg/day. After 
arterial access they should receive of anticoagulation with 5000–
10,000 units unfractionated heparin. Selective catheterization of the 
vertebral artery is performed using a 6 Fr Judkins Right‐4, internal 
mammary artery or multipurpose catheter. The diagnostic catheter 
is then exchanged for a 6–8 Fr multipurpose guide catheter, or a 
long 6–7 Fr 90 cm sheath can be telescoped over the diagnostic 
catheter until it reaches close to the ostium of the vertebral artery. A 
0.014‐inch wire is then advanced into the artery and advanced dis
tally, avoiding advancing past the end of the distal portion (V4) of 
the vertebral artery (Figure 81.5). Distal embolic protection devices 
are seldom used because of severe spasm of the vertebral artery. 
A  balloon matched to the reference size is then advanced to the 
lesion for predilatation, followed by a balloon expandable stent. 
Post‐deployment angiography is performed to include the posterior 
intracranial circulation. No sedation is used during the procedure 
and continuous neurologic monitoring is performed.

Vertebral artery trauma and dissection
Over 80% of unilateral vertebral artery traumatic injuries are 
asymptomatic. Patients may present with VBI, posterior headache, 
or neck pain. Those with bilateral vertebral artery injuries may pre
sent with more severe symptoms. The grade of injury to the verte
bral injury does not correlate with its associated risk of stroke or 
death, which remains at approximately 20% and 8%, respectively.

All patients with traumatic vertebral artery injury, regardless of 
their symptomatic status, should undergo anticoagulation with 
unfractionated heparin followed by warfarin, if there are no con
traindications, and serial neurologic examination to monitor for 
progression. Embolic stroke is the major cause of morbidity and 
mortality in patients with vertebral artery dissection. The treatment 
of dissection is for the most part conservative. Most dissections heal 
spontaneously and the associated aneurysms never rupture and 
only rarely cause delayed ischemic symptoms. Surgical treatment of 

(a) (b)

Figure 81.4 (a) Right vertebral artery angiogram demonstrates severe 
ostial stenosis (95%). (b) After balloon angioplasty and stent 
placement, there is a 0% residual stenosis when compared with the 
reference vessel diameter.
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dissections consisting of an in situ interposition graft of extracranial–
intracranial bypass is indicated only for those patients with per
sistent symptoms refractory to maximal medical therapy who are 
not candidates for endovascular treatment.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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segment prior to entering its bony canal at the C6 transverse process; 
V2 is the segment within the intraosseous canal; V3 is the extracranial 
segment between C2 and the base of the skull; and V4 is intracranial. 
Source: Image courtesy of Dr. Christina Sanina.
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Peripheral artery disease (PAD) affects the cerebral circulation and 
extracranial vessels, the aorta, great vessels, mesenteric and renal 
arteries, and the lower extremities. In recent years the number of 
endovascular procedures to treat this condition have significantly 
increased; however, despite this, little level 1 evidence is available 
regarding the role of antithrombotic therapy in patients undergoing 
these endovascular procedures. The current practice in this regard 
is heterogeneous and has been mainly driven by data from coronary 
artery disease and percutaneous coronary intervention (PCI). This 
chapter discusses the role of antithrombotic agents for endovascu
lar intervention.

Pathophysiology
Thrombosis has a significant role in morbidity and mortality 
 associated with cardiovascular, cerebrovascular, and peripheral 
artery disease. In addition to inflammation and atherosclerosis, 
hemostatic factors also have a role in the pathogenesis of PAD. For 
example, plasma fibrinogen and cross‐linked fibrin degradation 
products have been shown to be elevated in patients with claudica
tion compared to controls [1–4]. Furthermore, individuals with 
PAD have elevated levels of thrombin–antithrombin III complex, 
d‐dimer, von Willebrand factor (vWF), tissue plasminogen activa
tor antigen, plasminogen activator inhibitor‐1 levels, C‐reactive 
protein, and prothrombin fragments  1 and 2 [1–4]. It has been 
 suggested that these hemostatic factors are associated with PAD, its 
progression, and clinical events such as restenosis.

Endovascular intervention has been shown to activate platelets 
and the inflammatory cascade, possibly resulting in thrombosis and 
restenosis. Thrombin has been linked to restenosis by activation of 
thrombin receptors on the smooth muscle cells, macrophages, 
fibroblasts, and endothelial cells [5–9]. For example, among patients 
with severe in‐stent restenosis, thrombelastometry‐derived value 
coagulation time was significantly shorter than that of patients 
without restenosis [10]. Furthermore, high levels of plasma heparin 
factor II, an inhibitor of thrombin action, has been associated with 
reduced incidence of in‐stent restenosis [11].

Platelets are important mediators of atherosclerosis and throm
bosis [12]. During endovascular intervention platelets are activated 
and exposured to collagen and vWF [13]. Through activation of 

integrin receptors an array of inflammatory and prothrombotic 
mediators such as ADP, thromboxane A2 (TxA2), and thrombin 
are released [13], which will then result in further platelet activa
tion [14]. Ultimately, rapid recruitment and activation of platelets 
leads to thrombus formation manifesting as stoke, acute limb 
ischemia, restenosis, and graft failure.

Aspirin
Aspirin is an irreversible inhibitor of prostaglandin H‐synthase, 
which inhibits the actions of thromboxane [15]. It is a cyclo‐ 
oxygenase 1 (COX‐1) selective inhibitor resulting in impaired syn
thesis of TxA2. The role of aspirin in cardiovascular disease has 
been well established; however, controversy exists as to whether 
aspirin could have a net clinical benefit in patients with peripheral 
vascular disease. A recent meta‐analysis of 18 trials with 5269 
patients with PAD revealed a reduction in cardiovascular events 
(adjusted hazard ratio 0.88, 95% CI 0.76–1.04); however, this was 
not statistically significant [16]. Importantly, no significant reduc
tion in all‐cause or cardiovascular mortality was identified [16]. 
The current American College of Cardiology/American Heart 
Association (ACC/AHA) guidelines have give a class I indication 
for the use of aspirin in patients with PAD [17]. Limited data are 
available on the impact of aspirin post‐endovascular intervention; 
however, the combination of aspirin and dipyridamole has been 
shown to reduce recurrent obstruction after endovascular angio
plasty for up to 12 months [18–20]. Importantly, high dose aspirin 
had no advantage over low dose therapy in these trials and was 
associated with significant gastrointestinal symptoms [18–20].

While the current guidelines continue to support the use of 
 aspirin for prevention of cardiovascular endpoints in patients with 
PAD, few studies have shown benefit with low dose aspirin and the 
combination of aspirin and dipyridamole has failed to show a sig
nificant reduction in reocclusion after lower extremity percutane
ous transluminal angioplasty (PTA) [18–20]. Early epidemiologic 
studies such as the Physicians’ Health Study revealed a significant 
reduction in the rate of lower extremity revascularization with the 
use of low dose aspirin in men [21]. However, in the current era of 
stents and other advanced therapies there is no level 1 evidence that 
chronic aspirin therapy results in better patency, lower rates of 
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in‐stent restenosis, or better limb‐associated outcomes. However, 
it  is likely that aspirin has cardiovascular advantages in patients 
with PAD.

ticlopidine
A first generation ADP receptor antagonist, ticlopidine is no longer 
available in the USA. This ADP receptor antagonist inhibitor is of 
P2Y12 subtype. The two main drugs in this class are ticlopidine and 
clopidogrel. Early data in patients undergoing PCI showed encour
aging results with ticlopidine; however, the Clopidogrel ASpirin 
Stent International Cooperative Study (CLASSIC) trial compared 
ticlopidine with clopidogrel and showed much better safety and 
efficacy profiles with clopidogrel [22].

There are no data from randomized trials with ticlopidine in 
patients undergoing endovascular intervention. However, ticlopi
dine has been shown to be superior to aspirin for maintaining vein 
graft patency [23] but the combination of aspirin plus ticlopidine 
was not shown to be superior to aspirin alone in maintaining graft 
patency in the CASPAR trial [24].

Clopidogrel
An ADP receptor antagonist, clopidogrel has the most clinical data 
for prevention of thrombosis after aspirin. There is a significant 
body of evidence supporting the use of clopidogrel in patients 
undergoing PCI and in those presenting with acute coronary syn
drome [25–28]. However, the data for the use of clopidogrel in 
patients with PAD to prevent cardiovascular endpoint remain 
 controversial. The first signal showing potential benefit with clopi
dogrel in patients with PAD was derived from the Clopiogrel versus 
Aspirin in Patients at Risk of Ischemic Events (CAPRIE) study 
(Figure 82.1) [29,30]. In this study, an 8.7% relative risk reduction 
was seen with clopidogrel compared to aspirin alone and the benefit 
was mostly seen in those with symptomatic PAD (Figure  82.2). 
Unfortunately, the Clopidogrel and Aspirin in the Management of 
Peripheral Endovascular Revascularization (CAMPER) trial was 
withdrawn because of lack of enrollment. Another trial that evalu
ated the role of clopidogrel for primary and secondary prevention 
was Clopidogrel for High Atherothrombotic Risk and Ischemic 

Stabilization Management and Avoidance (CHARISMA) trial [31]. 
A total of 15,063 patients were randomized to clopidogrel plus aspi
rin or aspirin alone. In the overall population, dual antiplatelet 
therapy was not superior to aspirin alone for preventing cardiovas
cular death, stroke, and myocardial infarction (MI) [31]. However, 
in a subgroup analysis, in those with established cardiovascular dis
ease, dual antiplatelet therapy resulted in a 12.5% significant relative 
risk reduction. Importantly, dual antiplatelet therapy was associated 
with a higher risk of bleeding compared to aspirin alone (Table 82.1). 
Despite the overwhelming data in support of dual antiplatelet ther
apy for acute coronary syndrome and PCI, currently there are few 
data to support its use for endovascular intervention. The current 
ACC/AHA guidelines recommend clopidogrel as monotherapy 
for  those individuals who cannot tolerate aspirin; however, dual 
antiplatelet therapy is not recommended [17].

Despite these recommendations there are variable treatment 
approaches for patients undergoing endovascular intervention. 
A recent survey revealed variable treatment duration and a mix of 
approaches [32]. Most operators treat patients with dual antiplatelet 
after most endovascular interventions; however, the duration of 
dual antiplatelet therapy is variable [32].
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Figure 82.1 Efficacy of clopidogrel versus aspirin in reducing MI, ischemic stroke, or vascular death in the CAPRIE trial. Source: CAPRIE Steering 
Committee 1996 [30]. Copyright 1996 Elsevier.
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Figure 82.2 Subgroup analysis of CAPRIE trial showing a significant 
benefit in patients with peripheral artery disease. Source: CAPRIE 
Steering Committee 1996 [30]. Copyright 1996 Elsevier.
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Other ADP receptor antagonists
Newer antiplatelet therapies have recently been developed to address 
some of the limitations of clopidogrel: platelet resistance, longer 
onset of action, and modest degree of platelet inhibition [12]. Of 
these, ticagrelor and prasugrel have received US Food and Drug 
Administration (FDA) approval for PCI. Ticagrelor is a cyclopentyl 
triazolopyrimidine that directly and reversibly inhibits the P2Y12 
receptor. Prasugrel is a prodrug whose active metabolites irreversi
bly bind to P2Y12 receptors. However, few data are available for their 
use in patients with PAD or in those undergoing endovascular inter
vention. The EUCLID trial will examine the role of ticagrelor versus 
clopidogrel monotherapy for patients with PAD. This trial allows 
enrollment of patients who are 30 days post‐endovascular or surgi
cal revascularization; therefore, data from this trial should help 
guide antiplatelet therapy for patients with PAD with or without 
revascularization. The trial has reached full enrollment and the 
results are anticipated to be released in 2016.

Dipyridamole
Dipyridamole is an inhibitor of the cAMP phosphodiesterase and 
cyclic GMP phosphodiesterase type V enzyme. It is also a potent 
inhibitor of adenosine deaminase resulting in increased concentra
tions of adenosine. In a recent Cochrane meta‐analysis of six rand
omized trials with a total of 356 patients, the combination therapy 
failed to prevent 6 month reocclusion (fixed effect odds ratio 0.69, 
95% CI 0.44–1.10; p = 0.12) [33].

Vorapaxar
Vorapaxar is a novel antiplatelet agent that selectively inhibits the 
 cellular action of thrombin through antagonism of PAR‐1. It has been 
evaluated for use for secondary prevention in patients with  prior 
 history of MI, ischemic stroke, or PAD; however, after 2 years those 
with ischemic stroke were excluded because of increased risk of 
intracranial hemorrhage. The study showed some benefit for the 
composite endpoint of cardiovascular death, MI, stroke, or recurrent 
ischemia leading to revascularization; however, this was  associated 
with increased risk of bleeding. A subgroup analysis of 3787 patients 
with PAD did show a reduction in acute limb ischemia and peri
pheral revascularization; however, no difference in cardiovascular 
death, MI, or stroke was observed [34]. Given the limited data with 
this agent, its use is currently limited in the USA.

Low molecular weight heparins
Peri‐interventional treatment with low molecular weight heparin 
(LMWH) has been shown to be superior to unfractionated heparin 
in femoropopliteal obstructions [35]. However, long‐term therapy 
(for 3 months) with dalteparin failed to reduce femoropopliteal 
occlusions after PTA [36]. LMWH is used as a bridge in those 
requiring endovascular procedures but also have a strong indica
tion for anticoagulation.

Glycoprotein IIb/IIIa receptor antagonists
Glycoprotein IIb/IIIa receptor antagonists prevent binding of 
fibrinogen to the platelet and hence prevent fibrinogen cross‐
linking. A significant body of literature for their use in the setting 
of PCI is available; however, over time their use has declined 
 significantly. They have a very limited role during endovascular 
intervention and are rarely used.

Three clinical trials compared the rates of patency for abciximab 
with placebo and one trial compared abciximab plus urokinase with 
urokinase alone [37–40]. The results from these trials were mixed. 
Duda et al. [40] showed no significant advantage with abciximab at 
24 hours and 3 months; however, another trial found better patency 
at 24 hours and 3 months [39]. Overall, there appeared to be higher 
rates of bleeding with abciximab. Because of limited efficacy, poten
tial cost, and risk of bleeding, abciximab is rarely used as an adjunct 
to endovascular procedures.

Vitamin K antagonist
Vitamin K antagonist (VKA) has been compared with aspirin plus 
dipyridamole for better patency. A pooled comparison of two trials 
showed no benefit with VKA at 1, 3, 6, and 12 months [41,42]. Tan 
et al. [43] conducted a randomized trial comparing clopidogrel plus 
aspirin with LMWK and coumadin. No statistically significant dif
ferences were noted between the two groups at 1, 6, and 12 months 
for patency. As expected, those treated with LMWH followed by 
warfarin had higher bleeding complications [43]. The combination 
of VKA and suloctidil also was not superior to VKA alone [44]. 
Similarly, VKA was compared with ticlopidine in 197 patients. 
VKA was not superior to ticlopidine in preventing primary occlu
sion; however, it was associated with more side effects. Overall, the 
use of VKA is reserved for select patients with clinical events and 
hypercoagulable state and in those with recurrent lower extremity 
graft occlusion.

table 82.1 Risk of bleeding among the two treatment arms in the CHARISMA trial.

clopidogrel
+ ASA

Placebo
+ ASA RR (95% ci)

Safety outcome adjudicated by ITT analysis (n = 7802) (n = 7801)

GUSTO severe bleeding 130 (1.7%) 104 (1.3%) 1.25 (0.97–1.61)

Fatal bleed 26 (0.3%) 17 (0.2%) 1.53 (0.83–2.82)

Intracranial hemorrhage 26 (0.3%) 27 (0.3%) 0.96 (0.56–1.65)

GUSTO moderate bleeding 164 (2.1%) 101 (1.3%) 1.62 (1.27–2.08)

ASA, aspirin; CI, confidence interval; ITT, intention to treat; RR, relative rate.
Source: Data from Bhatt DL, et al. 2006 [31].
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Cilostazol
Cilostazol is a phosphodiesterase inhibitor with therapeutic 
focus on cAMP. It is a potent inhibitor of platelet aggregation 
and is a direct arterial vasodilator. It is the only approved phar
macologic therapy to increase walking distance in patients with 
claudication. There is also some evidence to support its use for 
prevention of restenosis in patients undergoing coronary stent
ing; however, data for use in the lower extremities are less con
viencing [45–47]. Iida et  al. [48] conducted a randomized 
clinical trial of 127 patients with de novo femoropopliteal 
lesions in which cilostazol plus aspirin showed a high rate of 
patency at 12, 24, and 36 months compared with ticlopidine 
plus aspirin. Similarly, in a retrospective analysis, cilostazol 
therapy showed better primary patency rates than the ticlopi
dine group [49].

Bivalirudin
Bilalirudin is a thrombin‐specific anticoagulant mainly used to 
treat patients with heparin‐induced thrombocytopenia (HIT) and 
in those undergoing PCI and has been considered for selective 
endovascular procedures [50]. It can be associated with fewer 
bleeding and vascular complications than heparin; however, no 
level 1 data in this regard are available. In a small registry from 
four institutions no adverse events were reported, with 100% pro
cedural success rate. Bivalirudin has also been evaluated in the 
setting of endovascular abdominal aneurysm repair (EVAR). 
Overall, bivalirudin was found to be a safe and feasible alternative 
to unfractionated heparin in patients undergoing EVAR [51]. In 
retrospective studies bivalirudin has also been shown to be safe 
and effective compared to  heparin alone in patients undergoing 
carotid artery stenting [52]. A number of other smaller registries 
and single‐center studies have evaluated the role of bivalirudin in 
different endovascular settings. These reports have been pre
sented at various national and international meetings but they 
have yet to be published in peer reviewed journals. However, 
given the cost and lack of level 1 evidence for better safety and 
efficacy compared with unfractionated heparin, its use has been 
limited to select centers and in those with allergic reaction to hep
arin (HIT).

Conclusions
Despite technical advances and increasing rates of endovascular 
procedures, limited level 1 evidence is available with regards to 
antithrombotic therapy in this setting. Most operators use some 
form of anticoagulation during the procedure and continue anti
platelet therapy thereafter; however, little evidence exists to support 
this approach. Luckily, the field of antiplatelet and anticoagulant 
therapies is evolving rapidly with newer agents such as vorapaxar, 
novel antiplatelet drugs like ticagrelor and prasugrel, and antithrom
botic agents like rivaroxaban, eliquis, and dabigatran. In the future, 
specific therapies for patients with PAD and critical limb ischemia 
should become available.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Chronic venous disease is an important source of morbidity in 
Western Europe and the USA. Varicose veins are a common mani
festation of chronic venous insufficiency and affect approximately 
25% of adults in the Western hemisphere, where prevalence varies 
greatly by geographic area. The reported incidence of chronic 
venous insufficiency varies from around 1–40% in women and 
around 1–17% in men. Estimates for varicose veins are higher; 
around 1–73% in women and 2–56% in men [1]. These reported 
ranges reflect differences in the population distribution of risk 
 factors, accuracy in the application of diagnostic criteria, and the 
quality and availability of medical diagnostic and treatment 
resources. Various risk factors are responsible for these incidences: 
older age, pregnancy (especially multiple), family history of venous 
disease, female gender, obesity, and occupations that result in 
 significant orthostasis from prolonged standing [2]. Venous insuf
ficiency is most often associated with great saphenous vein (GSV) 
reflux, but can also be present in the small saphenous vein (SSV) or 
perforator veins.

Historically, the treatment has been surgery, with high ligation 
and stripping, combined with phlebectomies. Such treatment effi
ciently reduces symptoms, improves quality of life (QOL), and 
reduces the rate of reoperation. However, the operation can occa
sionally be associated with significant postoperative morbidity, 
including bleeding, groin infection, thrombophlebitis, and saphen
ous nerve damage. However, major complications are rare based on 
the current available data. Conventional surgery is expensive as it is 
often performed in hospital using general or regional anesthesia.

In the past decade, alternative treatments such as endovenous 
laser ablation (EVLA), radiofrequency ablation (RFA), and ultra
sonography‐guided foam sclerotherapy have gained popularity. 
Performed as office‐based procedures using tumescent local anes
thesia, the new minimally invasive techniques have been shown in 
numerous studies to obliterate the affected vein, eliminate reflux, 
and improve symptoms safely and effectively [3].

Predisposing factors
Age and gender
The prevalence of varicose veins in women is approximately twice 
that in men [4]. Advanced age has also been determined to be a risk 
factor [5]. Varicose veins have an estimated prevalence of 5–30% in 

the adult population, with a female to male predominance of 3 : 1, 
although a more recent study supports a higher male prevalence [6]. 
The Edinburgh Vein Study screened 1566 subjects for venous reflux 
and found chronic venous insufficiency (CVI) in 9.4% of men and 
6.6% of women. After age adjustment, the prevalence increased 
with age (21.2% in men >50 years old, and 12.0% in women 
>50 years old) [7]. The Tampere study investigated a large cohort of 
3284 men and 3590 women with varicose veins and showed a 
 prevalence of 18% and 42%, respectively. The overall prevalence of 
varicose veins at ages 40, 50, and 60 years was 22%, 35%, and 41%, 
respectively [8].

Pregnancy
Multiparity has been shown to be a major predisposing factor for 
development of varicose veins and part of its increase in prevalence 
has been attributed to female gender. In the Tampere study, the 
prevalence of varicose veins in women with 0, 1, 2, 3, and 4 or more 
pregnancies was 32%, 38%, 43%, 48%, and 59%, respectively [8]. 
The exact mechanism of pregnancy‐induced venous insufficiency 
is not fully understood. It has been attributed to both hydrostatic 
and hormonal effects. Pressure of the gravid uterus on the pelvic 
vasculature is associated with lower extremity venous hypertension, 
venous distention, and valve rupture. High serum estradiol levels 
have been shown by Ciardullo et  al. [9] to increase venous 
 distensibility and varicose vein formation in menopausal women. 
The saphenous veins have been shown to contain estrogen and 
 progesterone receptors that may enable the estradiol‐rich hormonal 
state of pregnancy to exert a similar effect.

Hereditary
A positive family history of varicose veins is associated with a sig
nificantly increased risk of development of varicose veins. A study 
conducted in Japan showed that 42% of women with varicose veins 
reported a positive family history compared with 14% without the 
disease [10]. Various genetic predispositions have been linked to 
development of varicose veins. Downregulation of the desmuslin 
gene affecting the smooth muscle cells in the saphenous vein wall, 
thrombomodulin mutation (1208/1209 TT deletion) caused by 
varicose vein formation via deep vein thrombosis, expression of 
structural genes regulating the extracellular matrix (ECM), 
cytoskeletal proteins, and myofibroblasts have all been shown to be 
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associated with increased risk. Certain mutations have been linked to 
a variety of syndromes, including Klippel–Trenaunay syndrome 
(translocation involving chromosome 8q22.3 and 14q13; cutaneous 
capillary malformations, t tissues), lymphedema distichiasis syn
drome (FOXC2 mutation; extra eyelashes from meibomian glands, 
varicose veins, congenital heart defects, vertebral anomalies, extra
dural cysts, ptosis, and cleft palate), cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy 
(CADASIL; heterozygous mutation, –1279G > T), Chuvash poly
cythemia (autosomal recessive disorder caused by homozygous 
mutation of the von Hippel–Lindau gene [598 > T] on chromosome 
3p25), and other genes have been associated with poor wound heal
ing causing venous ulceration (F13A1 gene: factor XIII deficiency, 
HFE gene mutation, FGFR‐2 [SNP 2451AG] mRNA instability, 
MMP‐12 [SNP 82AA]; functional change predisposing to ulcer) [11].

Lifestyle
Sedentary work and prolonged standing at work are independent 
risk factors for development of venous insufficiency [12]. In the 
Tampere study, the prevalence of varicose veins in standing versus 
sitting workers was 36% and 27%, respectively. The Edinburgh Vein 
Study has also shown predisposition of varicose veins in patients 
whose work involved prolonged standing.

Body habitus
Epidemiologic studies have shown that varicose veins are more 
common in female patients with increased body mass index (BMI) 
(especially >30 kg/m2). It has been assumed that subcutaneous dep
osition of adipose and fibrous tissue disrupts the cutaneous venous 
network, impairs drainage, and promotes stasis. The Edinburgh 
Vein Study supported the findings that increased BMI in women is 
a risk factor. Callam et al. [2], in his epidemiologic review series, 
reached similar conclusions.

Pathogenesis
Several theories have been proposed for the causal basis of CVI. 
There are two universally accepted theories: (i) primary valvular 
incompetence and (ii) primary congenital vein wall weakness.

Primary valvular incompetence is the oldest theory and was pos
tulated by Sir William Harvey in 1628. It states that varicose veins 
develop as a sequela of central valvular incompetence related to 
paucity or atrophy of its valves. It causes venous hypertension in the 
vein segment below, which in turn damages adjacent peripheral 
valves and propagates varicose transformation in a centralto‐
peripheral direction. This theory conflicts with the fact that valves 
are strong structures capable of withstanding pressures of 
200 mmHg without leakage or degenerative changes in leaflets and 
that varicose veins can occur below or between competent 
valves [13]. The primary vein wall weakness theory states that vari
cose veins develop from a defect in vein wall integrity rather than 
from a problem within the valves. The components of a normal vein 
wall include collagen matrix that provides strength, elastic fibers 
that provide compliance, and three smooth muscle layers (circular 
media surrounded by longitudinal intimal and adventitial layers) 
that control vascular tone. Histologic studies show that compared 
with normal veins, varicose veins show proliferation of the collagen 
matrix with disruption and distortion of the muscle fiber layers. In 
the most diseased areas, the muscle layer is completely disrupted, 
leaving only elastic tissue and collagen as the sole components of 
the vein wall. This histologic alteration in turn causes loss of 

 contractility, sagging of the muscular grid, and vessel dilatation in 
response to venous hypertension. The characteristic serpiginous 
appearance of varicose veins reflects segments of dilatation 
 interspersed between segments of normal vein [14].

Various factors influence the development of CVI: venous sta
sis, venous hypertension, fibrin cuff, water hammer effect, and 
leukocyte trapping.

Venous stasis
This concept suggests that stagnant accumulation of blood in tortu
ous, non‐functioning, dilated skin veins results in subsequent tissue 
anoxia and cell death leading to skin changes and ulceration. 
Arteriovenous fistulae in limbs with varicosities have also been 
attributed to low oxygen content and CVI skin changes [15].

Venous hypertension
This concept has been attributed to muscle pump dysfunction and 
venous ulceration. It has been hypothesized that venous hydro
static pressure is equal in the deep and superficial venous systems 
both at rest and in the erect position. During calf muscle contrac
tion, the pressure in the deep veins increases more than in the 
superficial veins. However, valve closure prevents the pressure 
from being transmitted to the superficial veins. In contrast, pump 
dysfunction or valvular incompetence causes venous pressure to 
be transmitted to the superficial veins leading to CVI symptoms 
and ulceration [16–19].

Fibrin cuff
Pericapillary fibrin cuff has been associated with restriction of 
 oxygen diffusion across the vessel wall leading to edema and der
matosclerotic skin changes. Pericapillary fibrin cuffs may act as a 
barrier, a marker for endothelial cell damage, or as part of an overall 
mechanism of macromolecular leakage and trapping [20].

Water hammer effect
This theory is the most widespread pathogenesis of CVI. It contends 
that reflux is mainly transmitted to the superficial veins through 
 perforators. Studies by Raju and Fredericks have shown that this 
effect explains and correlates with most venous ulceration cases. At 
rest 20–25% of patients might have normal ambulatory venous pres
sure; nonetheless, Valsalva‐induced venous hypertension transmits 
pressure, resulting in skin changes and ulceration [18,21].

Leukocyte trapping
The concept of leukocyte trapping was described very early and 
explains most of the CVI symptoms. Because of stasis and venous 
pressure changes, margination of the white cells occurs resulting in 
capillary plugging with further tissue hypoxia and damage. These 
cells also activate free radicals and cytokine (interleukin‐1, tumor 
necrosis factor) release, resulting in tissue damage and apoptosis [22]. 
Unifying concepts of leukocyte trapping and venous hypertension 
have also been proposed [16].

Clinical manifestations
CVI manifests at different stages. At first it can present as telangiec
tasia or reticular veins and advance to more complicated stages such 
as skin fibrosis and venous ulceration. The main clinical features of 
CVI are leg pain, leg edema, varicose veins, and cutaneous changes. 
Various pathogenic mechanisms produce different clinical manifes
tations (incompetent valves as varicose veins, venous obstruction as 
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leg edema, and pump dysfunction as either symptom). Varicose 
veins are dilated superficial veins that become progressively more 
tortuous and large. They are prone to develop bouts of superficial 
thrombophlebitis. Edema begins in the perimalleolar region but 
later ascends causing leg edema with dependent accumulation of 
fluid. The leg pain or discomfort is described as heaviness or aching 
after prolonged standing and is relieved by elevation of the leg. 
Edema produces pain by increasing intracompartmental and sub
cutaneous volume and pressure. Tenderness along varicose veins is 
in the result of venous distention. Obstruction of the deep venous 
system can lead to venous claudication, or intense leg cramping 
with ambulation. Cutaneous changes include skin hyperpigmenta
tion with hemosiderin deposition and eczematous dermatitis. 
Fibrosis also develops in the dermis and subcutaneous tissue 
(lipodermatosclerosis).

There is an increased risk of cellulitis, leg ulceration, and delayed 
wound healing. Longstanding CVI can also lead to the development 
of lymphedema, representing a combined disease process [23]. 
Several tools have been described to assess the severity of CVI and 
also monitor the effects of therapy. The CEAP (clinical, etiology, 
anatomic, pathophysiology) classification was the initial module 
developed by an international consensus conference to provide a 
basis for uniformity in reporting, diagnosing, and treating CVI. The 
CEAP classification takes into account all the diagnostic variables 
of CVI. In 2004, the CEAP revised consensus refined the class defi
nitions and improved reproducibility of physician observations 
(Box 83.1; Table 83.1) [24–26]. Because of limitations of the CEAP 
clinical classification in delineating categories, a venous severity 
score was developed to complement the CEAP classification. 
The  venous clinical severity score consists of 10 attributes (pain, 
varicose veins, venous edema, skin pigmentation, inflammation, 
induration, number of ulcers, duration of ulcers, size of ulcers, and 
compressive therapy) with four grades (absent, mild, moderate, 

Box 83.1 Advanced CEAP classification

Superficial veins
1 Telangiectasias/reticular veins
2 GSV above knee
3 GSV below knee
4 Lesser saphenous vein
5 Non‐saphenous veins

Deep veins
6 Inferior vena cava
7 Common iliac vein
8 Internal iliac vein
9 External iliac vein

10 Pelvic: gonadal, broad ligament veins, other
11 Common femoral vein
12 Deep femoral vein
13 Femoral vein
14 Popliteal vein
 15 Crural: anterior tibial, posterior tibial, peroneal veins (all paired)
16 Muscular: gastrocnemial, soleal veins, other

Perforating veins
17 Thigh
18 Calf

This classification is the same as the basic classification with the addition 
that any of 18 named venous segments can be used as locators for 
venous disorders.

Source: Eklof B, et al. 2004 [25]. Copyright 2004 Elsevier.

Table 83.1 CEAP classification for chronic venous disorders

Clinical classification

C0 No visible or palpable signs of venous disease

C1 Telangiectasias, reticular veins, malleolar flares

C2 Varicose veins

C3 Edema without skin changes

C4 Skin changes attribute to venous disease (e.g., 
pigmentation, venous eczema, lipodermatosclerosis)

C4a Pigmentation or eczema

C4b Lipodermatosclerosis or atrophie blanche

C5 Skin changes as defined earlier with healed ulceration

C6 Skin changes as defined earlier with active ulceration

S Symptomatic, including ache, pain, tightness, skin 
irritation, heaviness, and muscle cramps, and other 
complaints attributable to venous dysfunction

A Asymptomatic

Causal classification

Ec Congenital

Ep Primary

Es Secondary (post‐thrombotic)

En No venous cause identified

Anatomic classification

As Superficial veins

Ap Perforator veins

Ad Deep veins

An No venous location identified

Pathophysiologic classification

Pr Reflux

Po Obstruction

Pr,o Reflux and obstruction

Pn No venous pathophysiology identifiable

Therapy can alter the clinical category of chronic venous disease. Limbs should 
therefore be reclassified after any form of medical or surgical treatment.
Source: Adapted from Eklof B, et al. 2004 [25]. Copyright 2004 Elsevier.
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severe). The venous anatomic segmental score assigns a numerical 
value to segments of the venous system in the lower extremity that 
account for both reflux and obstruction (Table 83.2) [27,28].

The venous disability score comes from the ability to perform 
normal activities of daily living with or without compressive 
 stockings. The venous severity score has been mainly shown to be 
useful in evaluating the response to treatment [29]. The REVAS 
 classification identifies patients with recurrent varices after surgery. 
In conjugation with the CEAP classification, it adds valuable 
 information in evaluating patients with chronic venous disease after 
surgery [30].

QOL and economic impact
The impact of venous insufficiency on QOL was investigated by 
the Venous Insufficiency Epidemiologic and Economical Study 
(VEINES), an international survey. In VEINES, 65.2% of subjects 
with varicose veins had additional venous disease processes 
(edema, skin changes, ulceration), and both physical and mental 
QOL scores concomitant with the severity of their venous disease 
[31]. In the most severe cases, those in which venous ulceration 
was present, the QOL rating was worse than with chronic lung 
disease, back pain, or arthritis [32]. The VEINES study has 
two  components: a QOL assessment (VEINES‐QOL), which 

Table 83.2 Revised venous clinical severity score.

Attribute None: 0 Mild: 1 Moderate: 2 Severe: 3

Pain or other discomfort (i.e., aching, 
heaviness, fatigue, soreness, burning)
Presumes venous origin

N/A Occasional pain or other 
discomfort (not restricting 
regular daily activities)

Daily pain or other 
discomfort (interfering 
with but not preventing 
regular daily activities)

Daily pain or 
discomfort (limits most 
regular daily activities)

Varicose veins
Varicose veins must be ≥3 mm in 
diameter to qualify in the standing 
position

N/A Few: scattered (i.e., 
isolated branch 
varicosities or clusters)
Also includes corona 
phlebectatica (ankle flare)

Confined to calf or thigh Involves calf and thigh

Venous edema
Presumes venous origin

N/A Limited to foot and ankle 
area

Extends above ankle but 
below knee

Extends to knee and 
above

Skin pigmentation
Presumes venous origin
Does not include focal pigmentation 
over varicose veins or pigmentation 
caused by other chronic diseases (i.e., 
vasculitis purpura)

None or
focal

Limited to perimalleolar 
area

Diffuse over lower third 
of calf

Wider distribution 
above lower third of 
calf

Inflammation
More than just recent pigmentation 
(i.e., erythema, cellulitis, venous 
eczema, dermatitis)

N/A Limited to perimalleolar 
area

Diffuse over lower third 
of calf

Wider distribution 
above lower third 
of calf

Induration
Presumes venous origin of secondary 
skin and subcutaneous changes  
(i.e., chronic edema with fibrosis, 
hypodermitis). Includes white atrophy 
and lipodermatosclerosis

N/A Limited to perimalleolar 
area

Diffuse over lower third 
of calf

Wider distribution 
above lower third 
of calf

Active ulcer number 0 1 2 3

Active ulcer duration (longest active) N/A <3 months >3 months but <1 year Not healed for >1 year

Active ulcer size (largest active) N/A Diameter <2 cm Diameter 2–6 cm Diameter > 6 cm

Use of compression therapy Not used Intermittent use of 
stockings

Wears stockings 
most days

Full compliance: 
stockings

N/A, not applicable.
Source: Vasquez MA, et al.; American Venous Forum Ad Hoc Outcomes Working Group 2010 [28]. Copyright 2010 Elsevier.
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 estimates disease effect; and a symptoms questionnaire, which 
measures symptoms prevalence (VEINES‐Sym). Other assess
ment programs used in clinical practice to assess the impact of 
CVI on QOL are the Aberdeen Varicose Vein Questionnaire 
(AVVQ), Charing Cross Venous Ulcer Questionnaire (CXVUQ), 
and Specific Quality of Life and Outcomes Response–Venous 
(SQOR‐V) questionnaire [33,34].

Diagnosis
Multiple modalities have shown benefit in diagnosing the cause of 
CVI. Physical examination is the most important one. A thorough 
physical examination is usually enough to diagnose CVI. It also 
provides guidance during therapy.

Physical examination
Physical examination involves inspection of the skin for signs of 
CVI. Skin changes such as hyperpigmentation, stasis dermatitis, 
atrophic blanche (white scarring at the site of previous ulcera
tions with a paucity of capillaries), or lipodermatosclerosis are 
frequently seen. Varicose veins follow the path of superficial vein 
insufficiency [23]. Tenderness is almost always observed along 
the varicose veins. Skin edema is usually pitting, unless chronic 
edema makes the skin brawny and difficult to examine. Venous 
ulcerations are most common along the medial supramalleolar 
area at the site of a major perforator vein of high hydrostatic 
 pressure. The classic tourniquet or Trendelenburg test can be 
 performed at the bedside to help distinguish between deep and 
superficial reflux. The test is performed with the patient lying 
down to empty the lower extremity veins. The upright posture is 
then resumed after applying a tourniquet or using manual com
pression at various levels. In the presence of superficial disease 
the varicose veins remain collapsed if compression is distal to the 
point of reflux. With deep (or combined) venous insufficiency, 
the varicose veins appear despite the use of the tourniquet or 
manual compression. Although useful to help determine the 
 distribution of venous insufficiency, this test does not help to 
determine the extent or severity of disease or to provide informa
tion about the cause [35].

Duplex imaging
Doppler is an important tool in diagnosing CVI and monitoring 
therapy. The goal of duplex imaging is to identify any obstruction or 
reflux in the deep veins, look for any presence of deep vein throm
bosis, diagnose reflux in the superficial veins (great saphenous vein, 
perforator vein, and small saphenous vein), and localize branch 
varicose veins and perforator veins. Low‐frequency transducers 
(2–3 MHz) are usually used to evaluate the iliac veins and inferior 
vena cava. High‐frequency transducers (5–10 MHz) are used to 
evaluate lower extremity veins. Reflux thresholds for deep veins are 
greater than 1000 ms, superficial veins greater than 500 ms, and for 
perforators greater than 350 ms [36,37]. The most common site for 
reflux is the confluence of the GSV and common femoral vein, 
 contributing to 65% of all cases, in a review of 2036 patients [38]. 
However, duplex has a weak correlation with the severity of the dis
ease. Physical examination and duplex scan can guide most therapy. 
Venous compressibility complemented with flow characteristics are 
key elements in excluding thrombosis. The use of a cuff inflation 
deflation method with rapid cuff deflation in the standing position 
is preferred to induce reflux [39].

Plethysmography
Photoplethysmography (PPG) can be used to establish a diagnosis 
of CVI [38]. Relative changes in blood volume in the dermis of the 
limb can be determined by measuring the backscatter of light emit
ted from a diode with a photosensor. The venous refill time is the 
time required for the PPG tracing to return to 90% of the baseline 
after cessation of calf contraction. A venous refill time less than 
18–20 s, depending on the patient’s position during the study, indi
cates CVI. A venous refill time greater than 20 s suggests normal 
venous filling. The use of a tourniquet or low‐pressure cuff allows 
superficial disease to be distinguished from deep venous disease. 
Refill time depends on several factors, including the volume of 
reflux and the vessel diameter. This technique has been used to 
assess emptying of the venous system during calf muscle contrac
tion and venous outflow. PPG can provide an assessment of the 
overall physiologic function of the venous system, but is most use
ful in determining the absence or presence of disease [40,41].

Air plethysmography (APG) has the ability to measure each 
potential component of the pathophysiologic mechanisms of CVI: 
reflux, obstruction, and muscle pump dysfunction. Venous outflow 
is assessed during rapid cuff deflation on an elevated limb that has 
a proximal venous occlusion cuff applied. The outflow fraction at 
1 s (or venous outflow at 1 s expressed as a percentage of the total 
venous volume) is the primary parameter used to evaluate the ade
quacy of outflow. A normal venous filling index is less than 2 mL/s, 
whereas higher levels (>4–7 mL/s) have been found to correlate 
with the severity of CVI. Complications of CVI, such as ulceration, 
have been shown to correlate with the severity of reflux assessed 
with the venous filling index and ejection capacity [42,43].

Computed tomography and magnetic 
resonance venography
Used in identifying more rare and complex causes of CVI, com
puted tomography (CT) is an important tool in recognizing throm
boembolic disease in the proximal veins, whereas magnetic 
resonance venography has a major role in determining the age of 
thrombus. CVI syndromes such as May–Thurner syndrome, Paget–
Schroetter syndrome, nutcracker syndrome, pelvic congestion syn
drome, venous malformations, and atrioventricular malformations 
can be diagnosed effectively with these advanced imaging tech
niques [44,45].

treatment
Initial treatment: behavioral measures and 
compression garments
Conservative measures have been proposed to reduce symptoms 
caused by CVI and prevent secondary complications and progres
sion of disease. Behavioral measures such as elevating the legs to 
minimize edema and reducing intra‐abdominal pressure should be 
advocated. The use of compressive stockings is the mainstay of con
servative management. The Bisgaard regimen has been proposed 
for the healing of venous ulcers. This regimen has four components: 
patient education, foot elevation, elastic compression garments, and 
evaluation subsequently with CEAP classification. Non‐elastic 
ambulatory below‐knee compression aggressively counters the 
impact of reflux from venous pump failure.

Compression therapy is used for venous leg ulcers and can 
decrease blood vessel diameter and pressure, preventing blood 
from flowing backwards [46,47]. Compression is also used to 
decrease release of inflammatory cytokines, reduce capillary leak, 
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prevent swelling, and delay clotting by decreasing activation of 
thrombin and increasing that of plasmin. Compression is applied 
using elastic bandages or boots specifically designed for the pur
pose. It is not clear whether non‐elastic systems are better than 
 multilayer elastic ones. Patients should wear as much compression 
as it is comfortable. The type of dressing applied beneath the com
pression does not seem to matter, and hydrocolloid has not been 
shown to be superior to simple low‐adherent dressings. The use of 
graded elastic compressive stockings (with 20–50 mmHg of ten
sion) is well established in the treatment of CVI. Treatment with 
30–40 mmHg compression stockings results in significant improve
ment in pain, swelling, skin pigmentation, activity, and overall well‐
being as long as a compliance of 70–80% is achieved [48]. In patients 
with venous ulcers, graded compression stockings and other compres
sive  bandage modalities are effective in both healing and preventing 
recurrences of ulcers. With a structured regimen of compression 
therapy, 93% of patients with venous ulcers can achieve complete 
healing at a mean of 5.3 months. Compression stockings have been 
shown to reduce residual volume fraction, an indicator of improve
ment in the calf muscle pump function, and to reduce reflux in vein 
segments [49].

Failure of conservative therapy
Symptomatic patients who fail conservative therapy should be fol
lowed closely. These patients should have venous duplex studies 
and/or APG if conservative therapy fails or if there is any progres
sion of symptoms in CEAP class. Further treatment is based on the 
results of non‐invasive studies and specific treatment is based on 
severity of disease, with CEAP clinical classes 4–6 often requiring 
invasive treatment. Referral to a vascular specialist should be made 
for patients with CEAP classes 4–6 (and probably for CEAP class 3 
with extensive edema). These patients with uncorrected advanced 
CVI are at risk for ulceration, recurrent ulceration, and non‐healing 
venous ulcers with progression to infection and lymphedema.

Non‐invasive study: venous reflux disease
Superficial venous reflux
Various therapies have been used for superficial venous reflux 
including cool‐touch laser, RFA ablation, venous sclerotherapy, 
ligation, and phlebectomy.

Cool‐touch laser
The first procedure to replace ligation and stripping of the GSV 
was radiofrequency‐mediated thermal ablation. Long‐term expe
rience with cool‐touch endovenous laser ablation showed that 
 tissue water within the vein wall has a specific target chromophore 
of 1320‐nm laser and the presence or absence of red blood cells 
within the vessels is unimportant. Water is the main component in 
the walls of a vein; they are composed mainly of water and colla
gen. The chromophore for the 1.32‐mm or 1320‐nm wavelength 
laser is water. This wavelength penetrates as deep as 500 mm in 
tissue. This provides a safety margin by reducing the risks of 
 penetration of laser energy beyond the vein wall. For even greater 
control of energy distribution, the 1320‐nm CTEV is coupled with 
an automatic pullback device that can retract the fiber at a rate of 
0.5, 1, or 2 mm/s [50]. Endovenous laser treatments at 810, 940, 
and 980 nm are designed to produce endothelial and vein wall 
shrinkage by non‐specific heating of the vessel [51]. This non‐ 
specific heating is accomplished by creating a superheated 
 coagulum at the fiber tip or by the heating of hemoglobin within 

red blood cells to create steam bubbles at extremely high tempera
tures. Without the presence of blood in the vein, such as an experi
mental situation in which the vein is filled with saline, laser‐induced 
vessel wall injury is confined to the site of direct laser impact. By 
contrast, blood‐filled veins show extensive thermal damage even 
in remote areas from the laser fiber, including the vein wall oppo
site to the laser impact. In the absence of blood, the situation is 
even worse; the areas of vein wall injury or burning result in 
intense postoperative pain and early recanalization of the treated 
vein. More importantly, superheating of hemoglobin leads to high 
temperatures (often higher than 1200 °C), which results in vein 
perforations, hematoma, and postoperative pain [52].

RFA therapy
Few studies have shown the superiority of RFA compared with 
EVLA in terms of pain, bruising, and postprocedure recovery, with 
GSV occlusion rates being comparable. The LARA study was a ran
domized control trial conducted to determine whether RFA of the 
GSV is associated with less pain and bruising than EVLA in 87 leg 
interventions [53]. In the bilateral group, RFA resulted in signifi
cantly less pain than EVLA on days 2–11 after surgery. RFA also 
resulted in significantly less bruising than EVLA on days 3–9. There 
were no significant differences in mean postoperative pain, bruis
ing, and activity scores in the unilateral group. Both RFA and EVLA 
resulted in occlusion rates of 95% at 10 days after surgery [54]. The 
RECOVERY study randomized 87 veins in 69 patients to Closure 
FAST or 980‐nm EVLA treatment of the GSV. It was a multicenter, 
prospective, randomized, single‐blinded trial, performed at five 
American sites and one European site. All scores referable to pain, 
ecchymosis, and tenderness were statistically lower in the Closure 
FAST group at 48 hours, 1 week, and 2 weeks. Minor complications 
were more prevalent in the EVLA group (p <0.0210); there were no 
major complications. Venous clinical severity scores and QOL 
measures were statistically lower in the Closure FAST group at 
48  hours, 1 week, and 2 weeks. Radiofrequency thermal ablation 
was significantly superior to EVLA as measured by a comprehensive 
array of postprocedure recovery and QOL parameters [55]. The 
EVOLVeS trial studied the clinical outcomes of rates of recurrent 
varicosities, neovascularization, ultrasonography changes of the 
GSV, and QOL changes in patients undergoing RFA, ligation, 
or vein stripping. Two‐year clinical results of radiofrequency oblit
eration are at least equal to those after high ligation and stripping of 
the GSV [56].

Venous sclerotherapy
This treatment modality is used for obliterating telangiectasias, 
varicose veins, and venous segments with reflux. Sclerotherapy can 
be used as a primary treatment or in conjunction with surgical pro
cedures in the correction of CVI. Sclerotherapy is indicated for a 
variety of conditions including spider veins (<1 mm), venous lakes, 
varicose veins of 1–4 mm in diameter, bleeding varicosities, and 
small cavernous hemangiomas (vascular malformation). The ter
minal interruption of reflux source technique involves blocking off 
the veins that drain the ulcer bedusing Sotradecol or Polidocanol 
foam, administered under ultrasonography guidance [57]. Patients 
with CVI need to be evaluated for surgical treatment if they have a 
non‐healing ulcer refractory to conservative and minimally inva
sive therapy resulting in delayed healing, recurrent varicose veins, 
CVI with disabling symptoms, persistent discomfort refractory to 
other therapy, non‐compliant patients with conservative therapy, 
and to complement therapy with conservative measures.
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Ligation and venous phlebectomy
Surgical ligation of the GSV has been shown to improve symptoms 
in patient with CEAP classes 2–6. GSV removal with high ligation 
of the sapheno‐femoral junction has long been considered the 
standard treatment for patients with significant venous reflux, non‐
healing ulcers, and symptomatic patients with concomitant deep 
venous reflux [58]. Transilluminated power phlebectomy (or 
TriVex) is a new surgical technique that uses tumescent dissection, 
transillumination, and powered phlebectomy. A prospective rand
omized controlled trial of 141 patients comparing conventional 
with powered phlebectomy has shown a trend toward reduced 
operating time in extensive varicosities, and significantly fewer 
incisions. There was no difference in nerve injury, bruising, and 
cosmetic score during follow‐up [59]. The ESCHAR study evalu
ated around 500 patients with venous ulcer and reflux of superficial 
and deep venous systems and randomized them to either conven
tional saphenous vein surgery with compression or to compression 
alone. The study showed a significant reduction in ulcer recurrence 
at 12 months in favor of surgery with compression compared with 
compression alone (12% vs. 28%) [60]. A follow‐up study to observe 
the improvement in perforating vein incompetence included 261 
patients from the ESCHAR trial. Surgical correction of superficial 
reflux was shown to abolish incompetence in some calf perforators 
but also helped wound healing and reflux symptoms by preventing 
development of new perforator incompetence [61].

Deep venous reflux
Valve reconstruction surgery and valvuloplasty
CVI has been shown to be partially attributable to venous valve 
injury and incompetence. Venous valve reconstruction of the deep 
vein valves has been performed in selected patients with advanced 
CVI who have recurrent ulceration with severe and disabling 
symptoms [62]. Open valve surgery was initially performed to 
repair the femoral vein valve but subsequently transcommissural 
valvuloplasty was developed for venous repair. Venous valvulo
plasty has been shown to provide 59% competency and 63% ulcer‐
free recurrence at 30 months. Complications from valvuloplasty 
include bleeding (because patients need to remain anticoagulated), 
deep venous thrombosis, pulmonary embolism, ulcer recurrence, 
and wound infections [63]. This procedure is reserved for selected 
patients refractory to other therapies. Valve replacements and 
transposition procedures have been attempted successfully when 
native valves have post‐thrombotic valve destruction (not amena
ble to valvuloplasty). Valve transposition has been performed with 
the axillary vein valve, profunda femoris valve, or cryopreserved 
valve allografts. Cryopreserved vein valve allografts have also been 
shown to have early thrombosis, poor patency and competency, as 
well as high patient morbidity, precluding their use as a primary 
intervention [64].

Perforator reflux
Subfascial endoscopic perforator surgery
Perforator vein incompetence has been proposed as a cause for CVI. 
Some surgical options have been proposed for the treatment of 
incompetent perforators, including subfascial endoscopic perforator 
surgery (SEPS). This procedure involves ligation of the incompetent 
perforator veins by gaining access from a remote site on the leg that 
is away from the treatment area and is free of lipodermatosclerosis or 
ulcers. The North American Study Group performed a study with 
146 patients showing cumulative ulcer healing at 1 year of 88% 
(median time to healing was 54 days). Ablation of superficial venous 

reflux combined with lack of deep venous obstruction predicted 
ulcer healing (p <0.05). Clinical score improved from 8.93 to 3.98 at 
the last follow‐up (p <0.0001). Cumulative ulcer recurrence at 1 year 
was 16% and at 2 years was 28% (standard error, <10%). Post‐ 
thrombotic limbs had a higher 2‐year cumulative recurrence rate 
(46%) than did those limbs with primary valvular incompetence 
(20%; p <0.05) [65]. The interruption of perforators with ablation of 
superficial venous reflux is effective in decreasing the symptoms of 
CVI and in earlier healing of ulcers. SEPS in conjunction with vein 
ablation showed better ulcer healing and improvement in clinical 
severity score [66].

Non‐invasive study: chronic venous 
flow obstruction
May–Thurner syndrome
Endovascular therapy in the treatment of CVI has become increas
ingly important to restore outflow of the venous system and provide 
relief of obstruction. Approximately 10–30% of patients with severe 
CVI can be diagnosed with a significant abnormality in venous out
flow involving iliac vein segments that contributes to persistent 
symptoms. Before endovascular therapy, iliac vein stenosis and 
obstruction causing CVI was treated with surgical procedures such 
as cross‐femoral venous bypass or iliac vein reconstructions with 
prosthetic materials. Because of the success of venous stenting, 
 surgical venous bypass is infrequently performed. In a large single‐
center series of 429 patients with CVI and outflow obstruction, iliac 
vein stenting resulted in significant clinical improvement: 50% of 
patients were completely relieved of pain and 33% experienced 
complete resolution of edema. Furthermore, 55% of patients with 
venous ulcers experienced complete healing of their ulcers. Patency 
of iliac vein stents is good, with a primary patency of 75% at 3 years. 
Close follow‐up is mandatory to ensure that stent patency is main
tained. Also early intervention is necessary in patients with recur
rent symptoms that indicate in‐stent restenosis, which occurs in 
approximately 23% of patients [67,68].

Chronic axillary–subclavian vein thrombosis or  
Paget–Schroetter syndrome
The pathogenesis of chronic axillary–subclavian thrombosis is 
associated with anatomic abnormalities at the thoracic outlet (cer
vical rib, congenital bands, hypertrophy of scalenus tendons, and 
abnormal insertion of the costoclavicular ligament) and repetitive 
trauma of the endothelium of the subclavian vein during activity of 
the upper extremities. The narrow costoclavicular space leads to 
compression and restricted mobility of the vein resulting in venous 
stasis. The repetitive endothelial trauma leads to intimal hyperpla
sia, inflammation, and fibrosis, resulting in venous webs, extensive 
collateral formation, and perivenular fibrosis worsening the stasis 
and costoclavicular crowding. Clinically, axillary–subclavian 
thrombosis preferentially involves the dominant arm and presents 
with swelling and discomfort of the arm. Other symptoms include 
heaviness and rubor of the arm with cyanotic, dilated, and visible 
veins across the shoulder and upper arm. The onset is usually acute 
or subacute but rarely can present with chronic symptoms. Most 
patients associate the onset with activities that involve vigorous and 
sustained upper extremity movements as well as outstretched arm. 
Complications include pulmonary embolism, post‐thrombotic syn
drome, and recurrent thrombosis. Despite the classic clinical pres
entation, the diagnosis of axillary–subclavian thrombosis should 
be  confirmed initially with compression duplex ultrasonography 
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 followed, as needed, with more specific and sensitive tests (e.g., 
radionucleotide, magnetic resonance, computed tomographic veno
graphy, or invasive contrast venography). Management of axillary–
subclavian thrombosis primarily includes catheter‐directed 
thrombolysis and thoracic outlet decompression (resection of the 
first rib, division of the scalenus muscles and the costoclavicular 
ligament) with or without venoplasty/venous bypass. The best sur
gical approach to achieve thoracic outlet decompression is still 
debatable and excellent results are reported with both transaxillary 
and anterior, or sub‐clavicular, approaches. Early and aggressive 
treatment includes optimal surgical strategy to prevent recurrent 
thrombosis and patient disability. Long‐term anticoagulation 
can  be reasonable in patients with coexistent thrombophilia and 
suboptimal surgical results [69].

Non‐invasive study: muscle pump 
dysfunction
Abnormalities in the calf and foot muscle pumps have a significant 
role in the pathophysiology of CVI. Graded exercise programs have 
been used in an effort to rehabilitate the muscle pump and improve 
CVI symptoms. In a small controlled study, 31 patients with CEAP 
class 4–6 CVI were randomized to structured calf muscle exercise 
or routine daily activities. Venous hemodynamics were assessed 
with duplex ultrasonography, APG, and muscle strength assessed 
with a dynamometer. After 6 months, patients receiving a calf 
 muscle exercise regimen had normalized their calf muscle pump 
function parameters but experienced no change in the amount of 
reflux or severity scores. Padberg et al. [70] concluded that struc
tured exercise to re‐establish calf muscle pump function in CVI can 
prove beneficial as a supplemental therapy to medical and surgical 
treatment in advanced disease.

Interactive multiple choice questions are 
available for this chapter on www.wiley. 
com/go/dangas/cardiology
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Aims of transcoronary sinus interventions
There is no better way to reach compromised ischemic microcir-
culation or no reflow zones after initial reperfusion in primary 
percutaneous coronary intervention (PCI) than with transcoro-
nary sinus interventions (trans‐CSI). Since the historical clinical 
series from Claude Beck reversing flow in the coronary circula-
tion, at least  partially, as a means to treat diffuse coronary artery 
disease, several therapeutic concepts have been formulated to use 
the “back door of the heart” to effectively reduce disease burden. 
Demographic changes in coronary artery disease, but also in heart 
failure, with more  complex lesions, advanced comorbidities, and 
state of the art interventional technologies increase the need for 
trans‐CSI.

In cardiac surgery, the ease of inserting catheters transatrially, the 
acceptance of retrograde cardioplegia, decades ago allowed cardio-
protection for more than 2 hours of complex cardiac surgery 
 without interfering with the surgical approach and undoing the 
tight relationship between the duration of global ischemic arrest 
and patient outcome. A different success story is resynchronization 
therapy enabled by using cardiac veins to reach left ventricular 
myocardium to adapt contractility dynamics and reduce dyssynch-
ony and therefore the burden of heart failure.

For today´s interventional cardiologist the advent of more com-
plex lesions and the inherent invisible barrier of current treatment 
options in coronary artery disease demand innovative alternatives 
to reduce the amount of compromised microcirculation in acute 
coronary syndromes (ACS). But trans‐CSI span their potential from 
preventing ischemia in elective cases (i.e., total coronary occlusion) 
to treating high risk patients with diffuse coronary artery disease 
and ischemic cardiomyopathies. Even the clinical potential of retro-
infusion cardioprotective molecules and regenerative cells are cur-
rently under clinical scrutiny [1].

For the interventional cardiologist, trans‐CSI became more 
important for the treatment of microvascular obstruction, no 
reflow zones, and to enhance and support the healing process of 
myocardial infarcts. From the many historical concepts of retro-
grade coronary sinus procedures this chapter focuses on a short 
overview of procedures that became clinically relevant or are still 
in  clinical use. In addition, the following chapter highlights the 
clinical potential of a particular coronary sinus intervention, pres-
sure controlled intermittent coronary sinus occlusion (PICSO), 

which has proven validity in inducing myocardial salvage and 
apparently has the potential to regenerate the failing heart.

Anatomy of cardiac veins
To understand the clinical potential of trans‐CSI one has to study 
the special features of the anatomy and pathophysiology of the car-
diac venous system. Unlike the coronary arteries and the plethora of 
knowledge in the field of coronary circulation, cardiac veins are 
relatively neglected and knowledge about their role in structure and 
function is sparse. The anatomy of cardiac veins and their nomen-
clature was described by von Lüdinghausen [2]. Seventy‐five per-
cent of venous drainage is collected in the coronary sinus. Most 
parts of the left ventricle, excluding the upper septum, drain into the 
coronary sinus; however, most parts of the right ventricle drain via 
so‐called lesser veins into both atria and ventricles. Thebesian veins 
or direct connections of the venous vasculature into the ventricles 
were described several centuries ago [3,4]. Although controversial, 
it stimulated knowledge of the anatomy of cardiac veins and their 
importance for the coronary circulation. In fact, the venous circula-
tion outnumbers coronary arteries by far and creates a dense mesh-
work of interconnected channels allowing perfect access to the most 
important functional parts (i.e., anterior and lateral aspects of the 
left heart). The proximity between cardiac veins accessible for 
transcoronary sinus catheter interventions and coronary arteries, as 
well as the distance between mitral annulus and the great cardiac 
vein, shows the limitations to some of the methods used to correct 
structural and functional heart disease. Good reviews of the clinical 
assessment using CT scans of cardiac veins and their relationship to 
other anatomic landmarks have recently been published [5–7].

In contrast to trans‐CSI for treating structural heart disease as 
transcoronary sinus mitral annuloplasty, functional modifications 
such as electrode deployment and radiofrequency ablation also 
involve the limiting factor of the proximity of the circumflex artery 
and the importance of reaching left ventricular excitable myocar-
dium to fully explore the potential of resynchronization therapy.

For the use of trans‐CSI in interventional cardiology, especially 
the deployment of catheters, the “silent zone” of the great cardiac 
vein is important [8]. “Silent zone” means that no additional branch-
ing veins enter the collecting chamber of the coronary sinus. Studies 
on the nomenclature of cardiac veins as well as all important param-
eters such as distances, angles, and landmarks of the coronary sinus 
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anatomy to catheterize the coronary sinus successfully are collected 
in the Coronary Sinus Library (www.coronarysinus.com), which 
contains the reprinted versions of proceedings of several seminars 
and symposia on myocardial protection via the coronary sinus held 
in the late 1980s [9–11].

The silent zone of the coronary sinus visualized in the late phase 
of the coronary arteriogram is depicted in Figure 84.1. The ideal 
place for a therapeutic catheter such as a PICSO catheter is between 
the stars in the angiogram. Stability of the catheter might be diffi-
cult because there is an enormous outward back pressure of venous 
blood and it requires special catheter technology to hold the cathe-
ter in place and to reduce the risk of catheter dislodgement.

In the majority of cases the coronary sinus is a tapered structure of 
about 4 cm in length from its entrance into the right atrium. The 
“silent zone” begins after inflow of the posterior interventricular vein 
until the first branches of the marginal veins. A variable structure of 
venous valves can hinder the catheterization of the coronary sinus. 
The width of the coronary sinus varies in patients with normal pres-
sures in the right atrium from 6 to 18 mm2 with a median of about 
8–10 mm2. In patients with increased prohormone of brain natriuretic 
peptide (proBNP) and manifest right heart failure, diameters can even 
increase in size. Unlike the coronary sinus orifice with its endocardial 
quality and embedded nerve endings, the great cardiac vein’s surface 
is covered with endothelial layers. Reflexes such as hypotension and 
bradycardia have been described in the past by Muers and Sleight [12] 
as potential hazards of coronary sinus occlusion techniques.

pathophysiologic background 
of transcoronary sinus interventions
Microvasculature and salvage
Allowing basal metabolism in deprived zones during ischemia 
and reopening “no reflow” zones in the center of reperfused myo-
cardium remains an important challenge in today’s treatment of 

acute coronary artery syndromes. For this purpose it is important 
to redistribute venous flow like a sloughing wavefront into 
 underperfused microcirculation, expand the vasculature, and by 
reverting this flow entraining toxic metabolites and cellular 
debris, thus reopening avenues for arterial inflow via collaterals in 
border zones [13–15]. PICSO, as it reverses venous flow during 
coronary sinus occlusion and washes out edema during the release 
phase, is a feasible intervention accessing the deprived microcir-
culation [16].

In a series of experimental and clinical studies, myocardial sal-
vage was established as a dose‐dependent treatment during pressure 
controlled intermittent obstruction of coronary venous outflow. In a 
meta‐analysis, Syeda [17] was able to substantiate significant myo-
cardial salvage in different experimental settings and animal models 
of about 30%. About the same magnitude of myocardial salvage was 
found in experimental infarction by Jacobs in the early reperfusion 
period and this has been corroborated in a few clinical series even 
using primary PCI and modern technology showing the same 
potential in reducing infarct size [18–20].

The first application of PICSO in ACS was in combination with 
lysis therapy and, although now outdated and not today’s standard 
of care, showed the way to important discoveries. As already shown 
in experiments by Miyazaki et al. [21], the  duration between onset 
of intravenous lysis and culprit lesion reopening through clot lysis 
was significantly shorter in the PICSO group [20]. The second 
important conclusion is based on the 5‐year follow‐up of these 
patients. Even after correction for differences in residual stenosis 30 
days after treatment with PICSO in ACS and also correcting for dif-
ferences in the duration of pain onset to reperfusion, there was a 
significant 96% reduction for reinfarction and 86% reduction in 
major adverse coronary events (MACE) over the 5 year follow‐up in 
the PICSO‐treated group, which heralded a paradigm change in the 
perception of trans‐CSI and the beginning of an alternative in 
regeneration research [20].

Figure 84.1 Late phase of a normal coronary arteriogram in two plans. Note the silent zone of the coronary sinus (great cardiac vein). This is the 
portion the catheter for transcoronary sinus interventions has to be positioned to achieve optimal redistribution of flow toward the deprived 
myocardium.
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Resynchronization therapy
The breakthrough in trans‐CSI occurred at the advent of resyn-
chronization therapy. The ability to improve heart failure with a 
relatively simple intervention and the chance to reach the left 
 ventricle via a venous access was attractive. Biventricular pacing 
when applied to current guidelines show superiority in survival and 
quality of life and has been accepted by clinicians as well as patients 
[21,22]. Although coronary sinus catheterization is similar to inter-
ventional cardiology, the majority of cases are performed via the left 
subclavian vein. The ability to find an excitable myocardial space in 
the vicinity of a penetrable coronary vein correcting dyssynchony is 
sometimes difficult and requires additional technology [23,24]. In 
spite of unquestionable successes of this therapy there is still room 
for innovations and to improve patient groups as non‐responders. 
For this purpose, biomarkers sampled from the coronary sinus 
as  well as other parameters are currently under investigation to 
improve outcome [25–27].

Mitral annulus modifications
In the quest to find minimal invasive techniques to improve heart 
failure and mitral insufficiency, the assumed proximity between 
coronary sinus and mitral valve annulus stimulated the develop-
ment of several percutaneous cinching devices positioned into the 
coronary sinus. Enthusiasm for these devices have been hampered 
recently by lack of clinical efficiency. The obvious distance between 
the coronary sinus and the mitral valve, especially near the postero-
medial commissure where most valve pathologies develop, as well 
as difficulties in device development and safety, reduced early 
enthusiasm for this procedure. In addition, cinching devices are in 
danger of compressing the crossing circumflex branch of the left 
coronary artery, thus generating iatrogenic myocardial infarction 
[28–32]. Today, these procedures are less often used clinically and 
will soon vanish from the clinical arena.

Regenerative potential of transcoronary 
sinus interventions
The vast meshwork of coronary venous microcirculation is not 
only important for revascularization procedures using the transc-
oronary sinus access to deprived myocardial perfusion zones, but 
also for substance exchange and recently encountered stimulation 
of innate developmental pathways to initiate structural regenera-
tion. Long‐term follow‐up in patients treated with PICSO 
prompted a  paradigm change in trans‐CSI. Puzzled by the obvious 
long‐term effect of PICSO inexplicable by myocardial salvage and 
its confounding parameters, several experimental fundamental 
studies have been performed. Weigel et al. [33] showed in a porcine 
model that according to the clinical findings a causative gene 
expression was enhanced in the tissue of treated animals. Two 
important molecules—HO‐hemoxygenase and vascular endothe-
lial growth factor (VEGF) gene expression—increased significantly 
in remote and also partly in border and infarct zones. As HO‐
hemoxygenase is not  only a vasoactive substance that might act 
during the acute collateralization of the border zone, but also an 
anti‐atherosclerotic and cardioprotective molecule supposed to be 
a causative element in preventing restenosis and in risk reduction 
of MACE and re infarction. The observed absolute risk reduction 
resulting from PICSO was 29% (95% confidence interval 10.1–
73.7%; p = 0.001). This means, in 100 patient‐years, an estimated 
number of at least 10 events (obtained from the lower confidence 
limit) can be prevented by PICSO. The number needed to treat was 
3.4 (95% CI 1.38–9.90), or, put another way, treating 3.4 patients by 
PICSO would on average save one MACE per year. Recalculation 

counting MACE events only during the first year of follow‐up 
resulted in a higher absolute rate reduction of 51.2%, but at the 
same time in a wider confidence interval (–1.2% to +131%; 
p = 0.059), caused by the considerably lower number of events. 
This result indicates that PICSO may be more beneficial during the 
first year of follow‐up than afterwards. Because of these unex-
pected results we went back to the drawing board and tried to envi-
sion the cause of long‐term effects and decipher changes in the 
molecular healing cascade after myocardial infarction. We there-
fore looked at the similarities between cardiac development and 
innate regenerative processes in the adult heart and formulated the 
hypothesis of “embryonic recall” [34–36]. Miyasaka found that 
micro‐RNA are expressed in rodents during and after the first 
heart beat, meaning that the hemodynamic force of the flowing 
blood and actual pulsations are acting via mechanotransduction 
on the endocardium, producing a burst of developmental signals. 
There is an obvious analogy here to PICSO acting on venous 
endothelium (Figure  84.2). Ongoing analysis of PICSO in adult 
patients with severe heart failure and cardiac resynchronization 
therapy (CRT) plus/minus PICSO is evidently supporting the 
hypothetical considerations. Deciphering the clinical potential of 
PICSO in heart failure patients will open up completely new hori-
zons in cardiac regeneration beyond cellular therapy.

how to access jeopardized myocardium
Expertise necessary to use transcoronary sinus catheter 
interventions
The anatomy of the coronary sinus in regard to venous access needs 
special requirements of catheter systems as well as the expertise of 
the interventionist. Wang et al. [24] recently reported on a steerable 
catheter system facilitating coronary sinus cannulation under ECG 
guidance reducing access and procedure time. As the orifice of the 
coronary sinus is not in the same plane as the inferior cava, one has 
to rotate the tip back and to the right upwards to obtain good access 
via the femoral vein.

The ultimate goal in considering the potential success of 
transcoronary sinus interventions, one may ask when the device 
manufacturer will come up with a low profile, steerable, and blind 
(i.e., ECG guidance) catheter system allowing access via brachial 
veins or at least uncomplicated subclavian, jugular access. 
Figure 84.3 shows that even in patients with ACS, access as well as 
adjunct therapy like PICSO can be applied without  losing proce-
dure time.

Current transcoronary sinus catheter 
interventions in myocardial jeopardy
PICSO
Transcoronary sinus catheter interventions developed from historic 
arterial retroperfusion techniques. A comprehensive review on past 
and present procedures and their background and clinical potential 
show the uniqueness of PICSO among trans‐CSI with two inde-
pendent principles. The first is the redistribution of flow and subse-
quent washout with its dose‐dependent salvage potential. The 
second is its threshold dependent mode of action based on the 
developed pulsatility and backflow of venous blood in cardiac veins 
initiating molecular responses through mechanotransduction in 
venous endothelium reiterating developmental processes [37–39]. 
First‐in‐man study of PICSO dates back to the 1980s and was per-
formed during the early reperfusion period in patients undergoing 
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coronary artery bypass grafting. Results showed an improvement in 
regional wall motion in severely depressed myocardium as well as a 
trend toward, but an insignificant, improvement in clinical out-
comes after 30 days (fewer catecholamines, fewer postoperative 
infections, shorter intubation time, etc.) [40].

In interventional cardiology, relief of ischemic burden and conse-
quences of reperfusion injury are of outmost importance. PICSO in 

ACS has recently been applied in ST‐segment elevation myocardial 
infarction (STEMI) as well as non‐STEMI (NSTEMI) patients using the 
new technology. Noteworthy, however, is the effect that the hemody-
namic sloughing blood wave reduces the no reflow zone, the obstructed 
microcirculation after primary PCI, and induces washout and appar-
ently enhances even decomposition of occluding clots in coronary 
arteries thus improving prognosis in this patient group [19,20].

(a)

(b)

Figure 84.2 The hypothesis of “embryonic recall.” Note the analogy of pressure and flow activating endocardium during development as soon 
as the heart tube starts to beat with the pulsations in the microcirculation during pressure controlled intermittent coronary sinus occlusion 
(PICSO) (a). The PICSO tracing with temporarily increased pressures in cardiac veins are depicted (b).
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A first‐in‐man study using state of the art technology and auto-
mated pressure control was performed by Van de Hoef et al. [41] 
and showed feasibility and anti‐ischemic effects in elective patients 
undergoing PCI. Present state-of-the-art application of PICSO in 
patients with ACS and primary PCI (PPCI) show the feasibility of 
this method. As seen in Video 84.1, the catheter is positioned in the 
silent zone of the coronary sinus and temporary occlusion there-

fore enables redistribution of flow into the reperfused zone. In 
Video  84.2, the screen of the PICSO controller/pump system is 
shown illustrating the pressure increase in the venous circulation 
according to PICSO. Video 84.3 shows the balloon inflation during 
the PICSO procedure and PPCI (Figures 84.3 and  84.4; Videos 84.1, 
84.2, and 84.3). Of importance is the pressure control which is 
based on an algorithm tested in a series of experiments analyzing 
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Figure 84.3 Timetable of a typical PICSO study in a patient. Note that the timing of catheterization does not interfere with arterial reopening. 
PICSO application is timed according to the PICSO quantity an empiric parameter claiming to fully evolve the PICSO benefit.

Figure 84.4 PICSO catheter in place in a patient undergoing PCI and PICSO (see also Videos 84.1, 84.2, and 84.3).



CHAPTER 84 Cardiac Vein Anatomy and Transcoronary Sinus Catheter Interventions in Myocardial Ischemia 773

the amount of blood retroperfused during balloon occlusion and 
the forward flow during balloon deflation showing a net washout 
phenomenon implying that more fluid and potentially edema is 
transported out of the myocardium [16,42]. Pressure control is also 
important because we found in our first‐in‐man studies a direct 
relationship between rise time of coronary sinus pressure increase 
and coronary flow (i.e., there is a sharp increase in pressure ampli-
tudes and a shortening of the rise time when coronary artery 
bypass grafts are opened). It becomes evident that unphysiologic 
obstruction of venous circulation beyond the plateau of pressure 
peaks can increase impedance to arterial inflow. This effect under-
scores the necessity of present automatic pressure control as 
depicted in the video (Videos 84.2 and 84.3).

What can be expected from PICSO application in ACS in PPCI? 
Although current data analysis relies only on one historic clinical 
study and an additional trial with only a small number of treated 
patients using new technology and automated pressure control, 
there are anti‐ischemic effects and almost certainly the same 
 salvage potential as in experimental infarction, which however 
have to be proven by a large propensity‐matched trial to establish 
clinical significance. Using the gold standard for salvage imaging, 
however, has one severe confounding factor in addition when 
studying PICSO patients. In experimental infarction, the area at 
risk is measured before the start of the therapy, which is impracti-
cable in patients with ACS. Therefore the area at risk is measured 
on day 3 or 4 using the area with increased water content. 
As PICSO not only induces washout, but also reduces the perfu-
sion deficit by supporting vasodilatation in border zones, the area 
at risk in PICSO patients will be smaller and therefore also the 
calculable salvage effect. In our opinion, evidence on the clinical 
significance of PICSO has to take this into account and it will be 
necessary to develop a special algorithm between PICSO quantity, 
or dose, and ultimate infarct size as well as microvascular obstruc-
tion, which also can be measured with MRI [14–17]. Another 
important effect is the coronary sinus pressure dynamics over the 
time of PICSO application. In our experience, during myocardial 
infarction and ischemia, coronary sinus pressure increases over 
time, because of improvement of nutritive flow and subsequently 
myocardial performance. However, this is not the case in early 
reperfusion with its temporal hyperemic flow response. Coronary 
sinus pressure dynamics during early reperfusion after primary 
PCI in patients show a gradual decline in amplitudes as well as an 
increase in rise time. This might be caused, as Khattab et al. [43] 
showed in porcine experiments, by two  independent factors: 
first, the effect of opening up the obstructed microcirculation as 
 additional space to fill retrogradely (and therefore longer rise 
times); and, second, the temporary hyperemic response in early 
reperfusion reducing the pressure amplitude at the end of the 
application. Especially in patients with low ejection fraction and 
large infarcts with low mean arterial pressure, coronary sinus 
pressure might even fail to increase substantially because of the 
reduced driving force of myocardial contraction and low coronary 
venous flow (which is predictive for outcome) which may limit 
the efficiency of PICSO [44]. However, in a case report on a 
PICSO application in acute shock patients presented by A. 
Colombo and his group, myocardial contraction was markedly 
improved within hours in no-option patients with otherwise 
failed cardiac support (personal communication and report at 
EuroPCR 2016).

In all therapies aiming to reduce infarct size and to induce 
 salvage, clinical endpoints and outcome are of enormous 

 importance. Long‐term 5‐year follow‐up in PICSO studies is 
only available for historic data and their positive interaction on 
restenosis, reinfarction, and MACE have to be corroborated 
with modern technology in primary PCI and analyzed in larger 
propensity‐matched trials, but one can also expect interesting 
results in registries of PICSO in STEMI and NSTEMI and even 
heart failure patients [20]. Recently another important applica-
tion of PICSO has shown promising results: patients with elec-
tive PCI in need of cardiac support may benefit from PICSO 
since this intervention reduces the ischemic burden and clears 
the microcirculation from debris produced by the coronary 
intervention.

Banai stent
A different approach is the Banai stent as permanent throttle in the 
great cardiac vein as a means to reduce chronic angina in high risk 
patients with diffuse coronary artery disease. There are clinical data 
supporting this notion in a limited number of patients and 
Konigstein recently published long‐term follow‐up data on this 
intervention. However, there is controversy between the Banai stent 
concept and scientific considerations on temporal or permanent 
pressure elevation in cardiac veins [45–48]. The ease of the concept 
and the potential benefit may develop the application of this 
technology.

Retroinfusion (cells and gene therapy)
Retroinfusion of cells and molecules have been tried by several 
groups with high efficacy. Tuma et al. [1] showed that even in clinical 
studies the retrograde access is superior to other more sophisticated 
or invasive methods like transcoronary artery and myocardial deliv-
ery. First, the access to deprived myocardium and diffuse coronaries 
is an attractive alternative and principles of substrate exchange and 
the role of venous endothelium might be of importance for success 
[49–52].

Conclusions and future directions
Demographic changes in patients with more and more complex 
comorbidities and older age are the imperative to develop new 
standards in patient care. Based on the special anatomy and patho-
physiology of cardiac veins, the options for trans‐CSI to develop 
into a standard of care are enormous. There are several facts 
 supporting the rise of these procedures. In the past, coronary sinus 
access was troubled by the lack of expertise of interventionists, the 
paucity of supporting clinical evidence, and shortcomings in 
 interventional technology. Especially in the emergency settings of 
acute ischemia, the unquestioned evidence of time‐dependent 
myocardial salvage in coronary revascularization procedures made 
it almost impossible to apply these methods clinically despite sup-
porting evidence of improved long‐term outcome. Today the situa-
tion has changed drastically. Modern imaging techniques have 
shown that for all trials to achieve timely reperfusion microcircula-
tory obstruction persists and that additional methods beyond 
 salvage appear essential. Stem cell transplantation reopened the 
window of adjunct therapies even days after the acute event. This 
stimulated research on reperfusion injury and infarct healing as 
well as therapeutic concepts. Concomitantly, the formation of heart 
teams for engaging structural heart disease and the success story of 
resynchronization therapy increased the expertise to catheterize the 
coronary sinus. Dedicated knowledge focusing on transcoronary 
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sinus catheter interventions are currently supplying the necessary 
technology and equipment. It is therefore plausible that technolo-
gies like PICSO ameliorating the ischemic burden and claiming to 
regenerate and recover the heart will develop into a standard of 
care procedure.

Interactive multiple choice questions are 
available for this chapter on www.wiley.
com/go/dangas/cardiology
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ischemia and bleeding 391–392, 394

balance of 389–396
clinical practice recommendation 394, 395

left atrial appendage closure 513
mechanism of action 444
patent foramen ovale closure 513
percutaneous mitral valve repair 513
transcatheter aortic valve implantation see 

transcatheter aortic valve implantation (TAVI)
triple see triple antithrombotic therapy (TATT)
use recommendations 428

Antithrombotic Trialists’ Collaboration 398
aortic arch angiography, carotid angioplasty and 

stenting 661
aortic coarctation 134
aortic disease, cardiac magnetic resonance 132
aortic dissection 678

acute 680–681
age at onset 677
biomarkers 680, 680
cardiac magnetic resonance 132
classification systems 681, 681
clinical manifestations 677, 678, 679
complicated 681
endovascular management 683
false lumen thrombosis 681–682
gender differences 677
hemodynamic analysis 682, 682
imaging 680
incidence 677
in‐hospital complications 681, 682
medical management, initial 680–683
outcome predictors 681–682, 682
PETTICOAT concept 683, 683
type A 681, 682
type B 681, 682

aortic hugging 587
aortic‐iliac stenoses 722
aortic medial degeneration, thoracic aortic 

aneurysms 687
aortic puncture 589
aortic regurgitation

post‐balloon aortic valvuloplasty 553
post‐transcatheter aortic valve replacement 566

aortic stenosis (AS)
atherosclerotic disease burden 548
balloon aortic valvuloplasty see balloon aortic 

valvuloplasty (BAV)
calcific 558
demography 546
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aortic transcatheter paravalvular regurgitation 
occlusion 541, 542

aortic ulcer, penetrating see penetrating aortic 
ulcer (PAU)

aortic valve
multislice computed tomography 116, 121
new technologies 575–581
stenosis, multislice computed tomography 116, 121

aortic valve implantation
transfemoral 558–568
transthoracic 569–574

aortic valvuloplasty 546–557
see also balloon aortic valvuloplasty (BAV)

aortography, paravalvular regurgitation 541
aorto‐iliac occlusive disease (AIOD) 721–725

chronic total occlusive lesions 722–723
clinical presentation 721–722
complications 724
diagnosis 721–725
percutaneous intervention 722–724
stents 723–724

apixaban 386, 445, 492, 492
apposition, definition 80
APPRAISE study 445, 448
APPRAISE‐2 trial 386, 445
ArchStent 710
ARCTIC study 455, 477
argatroban 385, 411, 425, 429, 470, 473–474

dosing 425, 474
monitoring 474
reversal 474
use recommendations 428

ARG‐E04 trial 473–474
arm claudication, Takayasu’s arteritis 748
ARMOUR trial 657
ARMYDA‐2 trial 399
ARMYDA‐5 PRELOAD trial 400
arrhythmia, atrial septal defect closure 538
arrhythmogenic RV cardiomyopathy (ARVC) 130
arterial conduits, PCI in 203
arterial rupture, intravascular ultrasound 81, 81
arterial spasm 433
arteriovenous fistulae (AVF) 269
arteriovenous malformation (AVM)

carotid angioplasty and stenting 664, 667
unruptured cerebral aneurysms and 672

ARTE study 514
ARTS 1 trial 144
ASAP trial 528
ascorbic acid, contrast‐induced acute kidney 

injury 277–278
aspiration thrombectomy 259
ASPIRE study 427, 472
Aspirex device 496
aspirin 381, 398–399, 474–476, 475, 754–755

alcohol septal ablation 521
atherosclerotic renal artery stenosis 710
atrial septal defect closure 539
bleeding reduction 392
carotid angioplasty and stenting 661
clinical guidelines 403, 404
clopidogrel vs. 755
coronary revascularization 399
dual antiplatelet therapy vs. 476
giant cell arteritis 750
left atrial appendage exclusion 528
limitations 381
mechanism of action 444, 474
monitoring 474–476
non‐ST segment elevation acute coronary 

syndromes 152
optimal dose 474
patent foramen ovale closure 513, 539
percutaneous mitral valve repair 513

peripheral vascular disease 754–755
pharmacology 398
resistance to 399
reversal 476
transcatheter aortic valve implantation 512

ASTRAL trial 708
atherectomy 224–232

critical limb ischemia 744–745
superficial femoral artery disease 730–731
see also individual types

atherogenesis 3–16
oxidative stress markers 11

atherosclerosis 3–16
clinical features 3
consequences 3–5
lesion development 461–464
natural history, inflammation in 7–8
pathogenesis 3
plaque see plaque
upper extremity arterial disease 748

atherosclerotic renal artery stenosis (ARAS)
clinical outcomes 705–706
endovascular intervention 708–709
etiology 705
flash pulmonary edema 708
medical therapy 708
mortality rate 705
natural history 705–706
prevalence 705
screening indications 706
stenting 708, 709–710
treatment options 707–709

clinical trials 707–708
ATLANTIC study 159, 401–402
ATLAS ACS 2‐TIMI 46 trial 445
ATLAS ACS 2‐TIMI 51 trial 386, 445
ATLAS ACS‐TIMI 51 trial 394
ATLAS trial 448
ATOLL trial 410–411
atopaxar 383, 402
atorvastatin 95, 434
ATP, hyperemia induction 61
atrial fibrillation (AF)

anticoagulant therapy 440
antithrombotic therapy clinical guidelines  

448, 449
atrial septal defect 531, 538
dual antiplatelet therapy 439–440
elderly patients 449
transseptal puncture 590

atrial septal aneurysm 530, 531
atrial septal defect (ASD) 531–532

closure see atrial septal defect (ASD) closure
ostium primum 530
ostium secundum 530
physiology 531
residual

balloon mitral valvuloplasty complication 616
percutaneous transmitral commissurotomy 616

types 530
atrial septal defect (ASD) closure 530–539

adverse events 538–539
aftercare 539
antithrombotic management 513
atrial septal rims 532, 532, 538
closure procedure 535, 536, 538
contraindications 532
future directions 539
imaging 535
indications 531
occluder devices 532, 533–534, 536

delivery 537–538
embolization 538
selection 536

patient selection 532
premedication 532–535
pulmonary hypertension 531
sizing 536, 537
stroke 508, 511
venous access 532

atrial tachyarrhythmias 590
atropine 662
AVERT trial 143
AVIATOR registry 446
AWESOME trial 201
AXXENT trial 349, 353
AXXESS Plus trial 349, 352–353
Axxess stent 182, 345–347, 346

clinical trials 349, 352–353
deployment 346–347
left main coronary artery bifurcation lesions 347

BABILON trial 246
balloon angioplasty

coronary artery perforation induction 252,  
253–254, 254

diffuse vessel disease 208
fibromuscular dysplasia 709
historical aspects 44
popliteal artery lesions 733
specialized balloons 244–247
superficial femoral artery disease 726–727, 727

balloon aortic valvuloplasty (BAV) 546–557
anterograde approach 548
anticoagulation 552
approach to 548
arteriotomy closure 553–554
balloons 550, 553, 553
bridging role 547
complications 554, 554–555
contraindications 547, 547–548
evidence for use 547
future directions 555
historical aspects 546
imaging for guidance 631–632
immediate post‐operative changes 546–547
indications 547
mechanisms of action 546–547
as palliative measure 547
patient selection 547–548
performing 552–553
pressure gradient rebound 547
principles 546–547
recommendations 555
regression 547
repeated 547–548
restenosis 546, 547
retrograde approach 548
sheath selection 549, 550
stent frame coaxiality 632, 632
structural complications 554
thrombogenic complications 510
during transcatheter aortic valve replacement  

547, 563, 631–632, 632
transfemoral access 548
troubleshooting 553–554
vascular complications 549, 554, 554
see also large‐bore arterial access

balloon assisted tracking (BAT), radial tortuosity 29
balloon catheters 55–58

alcohol septal ablation 518–520, 520
anatomy 56, 56–58
balloon aortic valvuloplasty 550, 553, 553
balloon mitral valvuloplasty 610–611
balloon pulmonary artery angioplasty 620
burst pressures 57
compliance charts 56–57
compliant 56
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diameter 56
length 56
materials 56
non‐compliant 56
OTW balloons 56
rewrap 57
selection 56
semi‐compliant 56
specialized balloons 244–247
specialty 57
tip style 56, 57
wall stress 57

balloon compression sign 611, 612
balloon dilatation, chronic total coronary 

occlusion 198
balloon expandable stents

aorto‐iliac occlusive disease 723
percutaneous renal stenting 710

balloon flotation catheters 487, 488
placement techique 487

balloon impasse sign/balloon compression sign  
611, 612

balloon mitral valvuloplasty (BMV) 606–618
anatomic considerations 606
complications 615, 615–616
contraindications 607
in difficult scenarios 611–615
double‐balloon technique 606, 608–609
echocardiography 607–608, 608, 616
historical aspects 606
indications 606–607
Inoue’s single‐balloon technique 606, 609
mitral restenosis, post‐operative 616–617
modified‐over‐the‐wire technique 614, 614
multitrack technique 609
patient preparation 608
peri‐procedural care 607–608
physical examination 607
pregnancy 615
preprocedural planning 607–608
recommendations 606–607
results 616–617

immediate 616
long‐term 616–617

severe subvalvular disease 614
successful 612, 613
techniques 608–611, 612

antegrade approach 608
approach 608
balloon catheter selection 610–611
balloon inflation 611
choice of 608–609
interatrial septal puncture site dilation 610
mitral valve crossing 611
retrograde approach 608
vascular access 609

transjugular approach 614
transseptal puncture 609–610, 610, 610

landmark 609, 610
valve assessment 607–608

balloon occlusion, femoral artery 
pseudoaneurysm 268, 268

balloon protection devices, thrombus‐containing 
lesions 235

balloon pulmonary artery angioplasty 619–620
balloon pulmonary valvuloplasty 621
Balt stents 675
BAMI study 292
Banai stent 773
Barbeau test 27
BARD 2D trial 143
bare metal stents (BMS)

acute myocardial infarction 304
bifurcation lesions 175, 179

BioMatrix stent 347–351
coronary artery perforation 256, 257
critical limb ischemia 742–743
dual antiplatelet therapy 439
late stent malapposition 82–84
paclitaxel‐eluting stent vs. 302, 302–303, 308, 308
restenosis 82
saphenous vein graft interventions 202
sirolimus‐eluting stent vs. 303, 303, 308, 308
stent thrombosis 308
strut thickness 368
superficial femoral artery disease 728
Xience stents vs. 322

BARI trial 143–144
Barlow’s disease 592–594, 594, 596
basal stenosis resistance (BSR) 62–63
BASIL trial 739
BASKET‐PROVE II trial 355, 357
BEACON I trial 347, 348
BEACON II trial 347, 348
behavioral measures, chronic venous 

insufficiency 763–764
Behçet disease 700
BELLO trial 246
benzodiazepines 433, 433
BEST trial 323
beta‐blockers

aortic dissection 680
during PCI 433

bifurcation(s)
anatomy 175, 176
atheroma development 177
carena/flow divider 175–177
function 176
left main stenosis 178–180
lesions see bifurcation lesions
non‐left main 178–180
optical coherence tomography 97, 183
pro‐atherogenic anatomy 175–177
stenosis 177
stent behavior in 177
wall shear stress 175–177

bifurcation lesions 175–184
angioplasty 175
aorto‐iliac 724
bare metal stents 175, 179
bioresorbable stents 183
classification 177, 178
crossover stent 180
Crush technique 181
Culotte technique 179, 180, 182
distal left main stenting 179–180
double stent techniques 179
drug‐eluting balloons 246
drug‐eluting stents 175, 177, 179
everolimus‐eluting stents 323
final kissing balloon 179
guide catheters 44
jailed wire strategy 180
kissing balloon inflation 180
mini‐crush technique 179, 181–182
multislice computed tomography 110–112,  

114, 115
provisional stenting strategy 177, 180, 180–181, 181
randomized trials 175
side branch occlusion predictors 180
small vessel disease 206
stenting

imaging 183
principles 180
single vs. double 178–179
techniques 177–178, 178

T stenting 180, 181
workhorse vs. dedicated stents 180

bifurcation stents 182
multislice computed tomography 114, 119
unprotected left main coronary artery  

disease 171
see also bifurcation lesions, stenting

biguanides 434, 434
bioabsorbable stents, multislice computed 

tomography 114, 119
bioabsorbable vascular scaffolds (BVS) 335–343

advantages 373
bifurcation lesions 183
chronic total coronary occlusion 198
clinically tested 339–341, 340
implantation technique 336
intracoronary imaging guidance 339
magnesium in 362
optical coherence tomography 98
reabsorption process 335–336, 336

biodegradable collagen injection, femoral artery 
pseudoaneurysm 268

biodegradable polymers, drug‐eluting stents 369, 
370, 372

BIOFLOW‐I trial 362, 363
BIOFLOW‐II trial 362, 363
BIOFLOW‐III trial 363
BIOFLOW‐IV trial 363
BIOFLOW‐INDIA trial 363
BioFreedom stent 345, 346, 347, 370, 373, 374

clinical trials 349, 353–354
sirolimus‐eluting stent vs. 353

BioFreedom US IDE Feasibility Trial 354
BIOHELIX‐1 study 361
Biolimus

chemical features 344, 345
mechanism of action 345
properties 344

Biolimus stent family 344–359, 346
clinical evidence 348–349
polymer 344
pooled data 357–358
safety concerns 358
see also individual stents

biomarkers 9–12, 10
categories 9
characteristics 9
contrast‐induced acute kidney injury 275–276
inflammatory markers 9–11
oxidative stress markers 11

BioMatrix Flex 345, 352
drug‐eluting stents vs. 351

BioMatrix NeoFlex 345, 352
BioMatrix stent 345, 346, 348, 372

bare metal stent vs. 347–351
drug‐eluting stents vs. 351–352
non‐randomized trials 347
ongoing studies 352, 352
randomized studies 347–352, 350
registries 347
sirolimus‐eluting stent vs. 370
S‐Stent Platform 344
very late stent thrombosis 347
zotarolimus‐eluting stent vs. 351

bioresorbable vascular scaffold see bioabsorbable 
vascular scaffolds (BVS)

BIO‐RESORT TWENTE trial 331, 332
BIOSCIENCE trial 362, 363
BIOSOLVE‐I trial 366
BIOSOLVE‐II trial 366
BIOSS stent 182
Biotronik stent family 360–367

cobalt chromium platform 360
passive coating 360
see also individual stents

Bisgaard regimen 763–764
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bivalirudin 411–413, 425, 427, 470, 473, 513–514, 514
acute coronary syndrome 410, 427
during balloon aortic valvuloplasty 552
bleeding complications reduction 391–392
coronary artery disease 411
dosing recommendations 425, 473
endovascular intervention 757
heparin vs. 389, 473, 514
manual compression 19
mechanism of action 385, 427
MI risk 392
monitoring 473
myocardial infarction 159
no‐reflow phenomenon 261
NSTEACS 153, 410, 411–412, 416
NSTEMI 427, 473
PCI 411–413
pharmacologic properties 385
reversal 474
ST‐elevation myocardial infarction 412–413, 427
stent thrombosis 427, 429, 473
transcatheter aortic valve replacement 514
unfractionated heparin vs. 411, 412, 413, 429
unprotected left main coronary artery disease 171
usage guidelines 410, 412, 413
use recommendations 428

bleeding
antithrombotic regimens 389–396
risk assessment 391
standardized definitions 389, 391

Bleeding Academic Research Consortium (BARC) 
bleeding definitions 389, 391

bleeding disorders 590
bleeding time 474
blood pressure, neurogenic control 499
blooming artifact, OCT 92–93
body mass index (BMI), varicose veins 760
bone marrow mononuclear cells (BMNCs) 290, 291, 292
BOSS trial 276
brachial artery access 28

complications 270
brachial artery dissection 31
bradycardia 664–665
braided mesh stent 659, 659, 675
brain natriuretic peptide (BNP) 708
BRAVE 3 trial 383, 417
BRAVO 2 trial 514
BRAVO 3 trial 514
BRAVO trial 513, 549–550, 552
BridgePoint re‐entry device 196
BRIDGE study 382, 418, 419
BRIEF‐PCI trial 415
BRIGHT trial 413, 427
Brockenbrough needle, transseptal puncture 583, 584
B‐SEARCH Registry 338
bubble artifact, OCT 93, 93
buddy wire 51
buddy wire technique 47–48
Buerger’s disease 700

CADILLAC trial 478
CADUCEUS trial 292
calcifications

multislice computed tomography 110, 112, 117
optical coherence tomography 5, 93–94

calcium channel blockers, radial artery spasm 30
calcium sensitizers, cardiogenic shock 166
calf muscle exercises, chronic venous insufficiency 766
CAMPER trial 755
CANARY trial 99
cangrelor 382, 382, 418–419, 429, 475, 477

acute coronary syndrome 419, 476–477
as bridging agent 419
clopidogrel vs. 419
dosing 477

mechanism of action 418
phase 3 trials 418, 418–419

CAPRIE trial 438, 755, 755
cardiac filling pressure, pulmonary hypertension 490
cardiac hemodynamics 488, 489
cardiac iron overload 129, 131
cardiac magnetic resonance (CMR) 126–137

advantages/disadvantages 126
applications 128–131
cardiac tagging 127
case study 134–135, 135
congenital heart disease 131–132
displacement encoding with stimulated echo 

(DENSE) 127
dobutamine stress (DS) 129
emerging uses 134
image generation 126
implanted cardiovascular devices 128
interventional 134
interventional cardiac procedures 133–134
late gadolinium enhancement 127, 127

heart failure 129
myocardium 127
paravalvular leak 633
patient preparation 128
perfusion imaging 127
pericardial disease 131
phase contrast velocity mapping 127, 133
safety 128
steady state free precession (SSFP) 

sequences 126–127
technical concepts 126–128
techniques 126–128
tissue characterization 127
transcatheter aortic valve implantation 133, 133–134
valvular heart disease 132
vascular disease 132–133
velocity‐encoded sequences 127–128

cardiac output 488
low 488

cardiac perforation
balloon aortic valvuloplasty complication 554–555
transseptal puncture complication 589

cardiac stem cells (CSCs) 291, 293
cardiac tamponade

coronary artery perforation 255, 258
transcatheter aortic valve replacement 565, 566

cardiac veins, anatomy 768–769
CARDIA trial 144–145, 188, 304
Cardioband 604, 604
cardiogenic shock 163–167

epidemiology 163
management 163–166

coronary revascularization 163–164
CARDIoGRAM study 461
cardiosphere‐derived stem cells (CDC) 292
cardioverter defibrillator (ICD), cardiac magnetic 

resonance 128
CARE trial 277
Carillon Mitral Contour System 602, 603
CARMEL study 240–241
carotid angioplasty and stenting (CAS) 643, 653–670

adverse events recording 654
angiographic evaluation 661, 662
carotid endarterectomy vs. 653
carotid plaque characteristics 654–655
case histories 662–664, 663, 664, 665, 666, 667
cerebral protection devices see embolic protection 

devices (EPDs)
clinical governance 654
clinical protocol 661
common carotid engagement

guiding‐catheter 661–662
sheath placement 662

complications 664–668

concepts/considerations 653–654
safe and protected procedure 654

contraindications 654, 654
early outcomes/complications measurement 654
evolution/historical aspects 653
future directions 668–669
high risk criteria 654
indications 654
post‐dilatation 662
pre‐dilatation 662
pre‐medication 661
pre‐procedure investigations 661
quality assurance 654
regulation 654
restenosis 668
stent deployment 662
stent intrinsic antiembolic property 653
stent selection 659–660, 660
tailored approach 653, 662, 663, 668
technique 661–662
unprotected 655
vascular access 661

site management 662
vascular anatomy 655, 655, 656, 657

carotid artery disease 561
carotid artery dissection 646, 668
carotid artery spasm 665–666
carotid disease, cardiac magnetic resonance 132
carotid endarterectomy (CEA) 643

carotid angioplasty and stenting vs. 653
carotid interventions, prior to TAVI 561
carotid perfusion 668
carotid stenting 643
carotid stents, self‐expanding see self‐expanding carotid 

stents
Carpentier’s functional classification, mitral 

regurgitation 592, 593
CASE Registry 668
CASS study 145
catecholamines 434
catheter(s)

transradial access 32, 32
transseptal puncture 583
see also individual types

catheter angiography 110
atherosclerotic renal artery stenosis 707
chronic mesenteric ischemia 700
upper extremity arterial disease 750, 751

catheter‐directed thrombolysis, pulmonary 
embolism 494–498

catheter‐induced artery dissection 252, 252
catheter‐induced ischemia 47
catheter motion artifacts, intravascular ultrasound 72
CAuSMIC study 293
CD4+CD25+ T cells 9
CD4+CD28null T cells 8
CD4+ cells 8
CD25 membrane marker 9
CD34+ enriched bone marrow cells 291, 292
CD40 ligand 10
CD133+ enriched bone marrow cells 291, 293
celiac trunk occlusion/stenosis, chronic mesenteric 

ischemia 700
cell therapy see stem cell therapy
cellular adhesion molecules 10
cerebral aneurysms 671–676

arteriovenous malformation and 672
balloon occlusion 673
classification 671
coincidental aneurysms 672
diagnosis 671–672
elective (unruptured) 671–672, 672–673, 676
endovascular treatment

historical aspects 673
indications 672
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remodeling technique 673
stent‐assisted coiling 673
strategies 673–676
tools 673–675

flow‐related 672
incidental aneurysms

anterior circulation 672
posterior circulation 672

ruptured 671, 672, 673, 674, 675–676
symptomatic 672–673

cerebral angiography
acute stroke 647–648, 648
vertebral circulation 647

cerebral embolism, transseptal puncture 589
cerebral hemorrhage 667
CHAMPION PCI 418–419
CHAMPION‐PCI trial 382, 418, 429
CHAMPION‐PHOENIX study 382, 418, 418–419, 429
CHAMPION‐PLATFORM trial 418, 418–419, 429
CHAMPION trial 418–419
CHARISMA trial 438, 755, 756
chest pain, CTA 118–120
child guide catheters 49
Chito‐Seal 22
Chocolate balloon 58
CHOICE trial 511
cholesterol crystal embolization, acute mesenteric 

ischemia 698
chordae transposition 596–597, 598
chordal replacement 604
chronic axillary–subclavian vein thrombosis 765–766
chronic ischemic heart disease, stem cell therapy 293
chronic kidney disease (CKD) 274

classification 274
coronary artery disease and 274
dual antiplatelet therapy 438

chronic limb ischemia (CLI) 721
chronic mesenteric ischemia (CMI) 700–702, 703

clinical presentation 698, 700
endovascular management 701, 701–702
food fear 698, 700
open surgical repair 701–702
post‐procedure follow‐up 702
stenting 702, 703
technical considerations 702
treatment 701–702

chronic thromboembolic pulmonary hypertension 
(CTEPH) 491

chronic total coronary occlusion (CTO) 186,  
190–200

acute coronary syndrome and 191
advanced antegrade recanalization techniques 195
antegrade dissection and re‐entry 195–196, 196
balloon dilatation 198
collaterals and 191
complications 198–199
coronary artery perforation 253
definition 190
guidewire selection/handling 192–193

occlusion with distinct entry point 193, 193
occlusion without distinct entry point 193, 194
occlusion with suspected residual lumen  

193, 194
sliding technique 193

guidewire tip shape 193
hybrid approach 197
morphology 190, 191
multislice computed tomography 112, 116, 117
occluded segment length 190
parallel wire technique 195, 195
procedural backup 191
retrograde approach 196–197, 197, 199
rules of engagement 191–192, 192
stent placement 198
stopping procedures 198

treatment indications 190–191
vessel perforation 199

chronic venous flow obstruction 765–766
chronic venous insufficiency (CVI) 759–767

age and 759
assessment tools 761, 761–762, 762
body habitus 760
CEAP classification 761, 761
clinical manifestations 760–762
conservative therapy failure 764
diagnosis 763
economic impact 762–763
gender differences 759
hereditary 759–760
lifestyle factors 760
lymphedema 761
muscle pump dysfunction 766
pathogenesis 760
physical examination 763
predisposing factors 759–760
pregnancy 759
prevalence 759
primary valvular incompetence 760
primary vein wall weakness theory 760
quality of life 762–763
surgery 759
syndromes 760, 763
treatment 763–764
water hammer effect 760

cilostazol 383, 444
endovascular intervention 757
pharmacology 398
triple antithrombotic therapy 383, 446

CIPAMI trial 400
circumflex artery guide catheters 45
clamp devices 19
Claret Sentinel Cerebral Protection System 565, 566
CLARITY‐TIMI 28 trial 437, 476
CLASSIC trial 399, 755
Clearway catheter 245
clinical restenosis 390
clinical trials

analysis 296–300
coronary heart disease 296–376
design 298–300
outcome data analysed 296, 297
randomization 298
reporting 300
size 298–299, 299
statistical essentials 296–300
superiority 299, 300
uncertainty expression 296
see also individual trials

CLIP trial 22
clopidogrel 381, 382, 392–393, 399–400, 475, 476

ADP‐induced platelet aggregation 453
aspirin vs. 755
atherosclerotic renal artery stenosis 710
atrial septal defect closure 539
cangrelor vs. 419
carotid angioplasty and stenting 661
clinical guidelines 402, 403, 404
coronary artery disease 402
dosing 477
duration of treatment 437
endovascular interventions 755
high on‐treatment platelet reactivity 453, 466
high platelet reactivity 453
incremental loading doses 455
inter‐individual responsiveness variability 400
monitoring 477
non‐ST segment elevation acute coronary 

syndromes 152
omeprazole and 448
optimization 400

patent foramen ovale closure 513, 539
percutaneous mitral valve repair 513
peripheral vascular disease 755
pharmacodynamic response variability 453
pharmacogenetics 466
pharmacology 398
prasugrel vs. 381, 392–393, 417
preoperative response assessment 455
STEMI 476
transcatheter aortic valve implantation 512
triple antithrombotic therapy 446–447

CLOSURE‐1 trial 513, 530–531
COAG study 466–467
coagulation cascade 380, 381, 397, 474
coagulation factors, thrombus formation  

379–381
COAPT trial 602
cobalt chromium alloys 314, 326, 327

biocompatibility 316
Biotronik stent family 360
chemical properties 313–317
crystal structure 314–315, 315
drug‐eluting stents 368
fabrication 316
mechanical properties 315
surface characteristics 316

COBEST trial 723
COBIS‐II registry 444
COBRA trial 349, 353, 729–730
cocaine use, thoracic aortic disease 678
COGENT trial 448
coil embolization

arteriovenous fistulae 269
coronary artery perforation 256
femoral artery pseudoaneurysm 269

coils, cerebral aneurysm endovascular treatment  
674, 676

cold balloon angioplasty 729–730
color Doppler ultrasound

chronic mesenteric ischemia 700
renal artery stenosis 706

COLOR registry 99
COMFORTABLE AMS trial 348, 350–351
Commander™ transfemoral delivery system  

575, 576
commissural calcification, balloon mitral 

valvuloplasty 607–608
commissural prolapse 597
COMMIT trial 160, 437, 476
common femoral artery puncture 17, 18
COMPARE I trial 319, 320
COMPARE II trial 355, 356
compartment syndrome 31
complete AV block, alcohol septal 

ablation‐induced 521–522
predictors 522

compliance charts, balloon catheters 56–57
compression devices, complications 272
compression garments, chronic venous 

insufficiency 763–764
computed tomography (CT)

acute aortic syndromes 680, 680
acute mesenteric ischemia 698
cerebral aneurysms, unruptured 671–672
chronic venous insufficiency 763
intramural hematoma 680
multislice see multislice computed tomography 

(MSCT)
paravalvular regurgitation 541
renal denervation 503
ruptured aneurysms 671
stroke 646–647
thoracic aortic aneurysm 688
thoracic endovascular aortic aneurysm repair 688
transcatheter aortic valve replacement 559–560, 630
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computed tomography angiography (CTA)
abdominal aortic aneurysm 693
acute mesenteric ischemia 698
acute stroke 647
atherosclerotic renal artery stenosis 706–707
cerebral aneurysms, unruptured 672
coronary

case study 122, 122–123, 123
recent clinical trials 117–124

Perclose ProGuide® pre‐closure 551
peripheral arterial disease 132
renal artery stenosis 706–707
stent fracture 73
thoracic aortic aneurysm 688
thoracic endovascular aortic aneurysm repair 688
transcatheter aortic valve replacement 549, 549
upper extremity arterial disease 750

conduction system disturbances 565–566
confidence interval (CI) 296

p‐values and 297
CONFIRM registry 730
congenital heart disease (CHD), cardiac magnetic 

resonance 131–132
congestive heart failure, paravalvular regurgitation 540
connective tissue disorders, abdominal aortic 

aneurysm 692
constrictive pericarditis (CP)

cardiac magnetic resonance 131
ventricular interdependence 131

continuous renal replacement therapy (CRRT), 
contrast‐induced acute kidney injury 278

contrast encephalopathy 668
contrast enhanced magnetic resonance angiography 

(CE‐MRA) 128
peripheral arterial disease 132

contrast‐induced acute kidney injury (CIAKI)  
274–281, 433–434

biomarkers 275–276
contrast media 277
definition 274
diabetes mellitus 277
diagnosis 275–276, 276
ischemic remote preconditioning 278
left ventricular end diastolic pressure 276–277
medullary hypoxia 275
pathophysiology 274–275, 275

osmolality 277
pharmacologic therapy 277–278
prevention 276–277, 279
renal replacement therapy 278
renal tubular damage 275
risk factors 274
risk scores 274, 279
urine flow rate 276
volume supplementation 276–277

contrast‐induced nephropathy (CIN) 188, 198
contrast media

contrast‐induced acute kidney injury 277
hyperemia induction 61
renal insufficiency and 274–281
renal tubular damage 275

control group, clinical trials 298
CONTROL study 551
cool‐touch laser, superficial venous reflux 764
CORAL trial 707, 708
CoreValve 510, 558

transcatheter aortic valve implantation 563, 564, 
571, 629, 630

CoreValve Evolut R™ 576, 576
CORONAR registry 447
coronary aneurysms, acquired 129
coronary angiography 34–43

atherosclerosis 5
catheter selection 34, 37

chronic total coronary occlusion 42–43
circumflex imaging 38
contrast injection 35
coronary intubation 34, 35
coronary variants 37, 38, 39, 40, 41, 42
diagnostic 35, 36, 37
intravascular ultrasound vs. 34
left main coronary artery disease 78
left main stem lesions 35–36
left mammary artery grafts‐ 39
left‐sided views 35
lesion‐specific approach 35, 37, 38
limitations 34, 71
non‐ST segment elevation acute coronary 

syndromes 149, 150
optical coherence tomography vs, 34
optimal views 34–43
panning 38
post‐anterior view 35
right coronary artery 39
right‐sided views 35
spider view 35, 36
stable angina 138, 141
unprotected left main coronary artery disease 170
vein grafts 39

coronary anomalies
cardiac magnetic resonance 129
multislice computed tomography 117

coronary artery
cardiac magnetic resonance 129
magnetic resonance imaging 128
optical coherence tomography 93, 94

coronary artery bypass graft (CABG) 201–204
cardiac magnetic resonance 129
coronary artery perforation 258
drug‐eluting stents vs. 144–145, 304–305, 305
graft failure 201
medical therapy vs., stable angina 145
multislice computed tomography 114–116, 119

clinical performance/limitations 115–116, 120
multivessel disease 188, 305

diabetic patients 187–188
repeat surgery 201–202
secondary revascularization 201–202
stable angina 142–145
stem cell therapy 293
transcatheter aortic valve implantation and 569
unprotected left main coronary artery disease  

168–169, 169
coronary artery disease (CAD)

chronic kidney disease and 274
clinical trials 296–376
direct thrombin inhibitors 411
fractional flow reserve 77
genetic risk variants 461, 462–463
genetics 460–466

environmental factors in 464
expression quantitative trait loci 466

genomewide association studies see genomewide 
association studies (GWAS)

glycoprotein IIb/IIIa inhibitors 416
low molecular weight heparin 410
multislice computed tomography 110
multivessel see multivessel coronary artery disease 

(MVD)
non‐invasive testing 141
regulatory gene network 465, 465–466
risk factors vs. genetics 460–461, 461
stable 138–147
systems genetics 465, 465–466
transcatheter aortic valve replacement 561
see also ischemic heart disease (IHD)

coronary artery dissection 248–252
after PCI 248–252

classification 248, 249
definition 248
guide catheter‐induced 252, 252
major 248–249
risk factors 249
stent edge 249–250, 251
treatment strategies 249–250, 263
types 248, 249, 250

coronary artery perforation 252–258
bare metal stents 256, 257
chronic total coronary occlusion 253
classification 253, 253, 254
clinical outcomes 258
covered stent device 256–258
devices 256, 257
guidewire‐related 252
incidence 252–253
management 255–256
materials 256
risk factors 253–255, 255

device‐related 254–255
patient‐related 253
procedure‐related 253–254

treatment 255–256
coronary artery remodeling

intravascular ultrasound 75–76
negative/inward/constrictive 75–76, 77, 82
postive/outward/expansive 75

coronary artery spasm 35
coronary artery stenosis, multislice computed 

tomography 109–110, 113, 114
coronary autoregulation 59
coronary compression, Carillon Mitral Contour 

System‐induced 602
coronary flow, stenosis impact 59–60, 60
coronary flow reserve (CFR) 61, 61–62

clinical interpretation 62
measurement 61, 62

coronary microvascular function assessment 67–69
research approaches 68

coronary perforation
guidewire‐related 254–255
treatment strategies 263

coronary sinus 768–769
catheterization 769
silent zone 769, 769

coronary spasm, no‐reflow phenomenon 259
coronary stenosis

coronary flow, impact of 59, 60
microcirculatory function 59–60
pressure gradient 59, 60
resting gradient 59

cortisol, during PCI 434
COURAGE trial 139–141, 143
covered stents, femoral artery 

pseudoaneurysm 268–269
C‐reactive protein (CRP) 7, 9

abdominal aortic aneurysm 692
aortic dissection 680
statin‐induced reduction 9

creatinine kinase (CK), alcohol septal ablation 521
CREDO trial 400, 437, 476
critical limb ischemia (CIA) 726, 733

below the knee interventions 738–747
approach to 738–739
endovascular management 738, 740, 741
endovascular procedure complications 745–746
modified angioplasty techniques 742–745
stents 742–743

classification 738, 739
clinical manifestations 738, 739
definition 738

CrossBoss catheter 196
CROSS study 179
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CRUISE trial 426
crush stenting technique 119
Crush technique 179, 181
cryoplasty

critical limb ischemia 744
superficial femoral artery disease 729–730

cryptogenic embolism, patent foramen ovale 
closure 507

cryptogenic stroke
medical therapy 530–531
patent foramen ovale and 508, 511, 530–531, 643

C‐SIRIUS trial 303
CT see computed tomography (CT)
CTA see computed tomography angiography (CTA)
Culotte technique 179, 180, 182
culprit lesion 185
CURE‐PCI trial 437
CURE trial 152, 399, 436, 437, 476
CURRENT‐OASIS 7 trial 160, 399–400, 476
cutting balloons 57, 244

critical limb ischemia 744
optical coherence tomography guidance 98

CXCR4‐expressing progenitor cells 291
CYP2C9 gene 466
CYPHER stents see sirolimus‐eluting stents (SES)
cystatin C (CyC), contrast‐induced acute kidney 

injury 275
cytokines, atherosclerosis 7–8

dabigatran 384, 445, 492, 492
dalteparin 424, 427
DAPT trial 152, 438
darexaban 445
DDAVP (desmopressin) 476, 479
DEBELLUM trial 729
DECREASE registry 444
deep circumflex iliac artery 17, 18
DEFER study 64, 141
DEFINITION study 180
DEFINITIVE AR trial 729
degenerative mitral valve disease

Carpentier’s reconstructive surgery 592–598
pathophysiologic triad 592–594
surgical indications 594–595

asymptomatic patients 594–595
degrees of certainty 299
dendritic cells (DCs) 8
DES see drug‐eluting stents (DES)
desmopressin (DDAVP) 476, 479
DeSolve Myolimus‐Eluting Bioresorbable Coronary 

Scaffold System 340, 341
DeSyne stent 371
device embolization, TAVI 623
diabetes mellitus

contrast‐induced acute kidney injury 277
dual antiplatelet therapy 438–439
multivessel coronary artery disease 187–188

Diamondback 360º Orbital atherectomy System 730
diffuse vessel disease 207–209

anatomic/physiologic assessment 207
clinical outcomes 209
definition 207
device delivery 208, 208
prevalence 207
stents 208–209
technical aspects 208–209

digital subtraction angiography (DSA), subarachnoid 
hemorrhage 671

dilated cardiomyopathy 129, 130
dilators, transseptal puncture 583, 583
diltiazem 432
dipyridamole 383, 756
direct annuloplasty, transseptal puncture 588
direct factor Xa inhibitors 385–386

Direct Flow Medical TAVI 572
Direct Flow™ transcatheter heart valve 577–579, 579

durability/recoil concerns 579
trials 579

directional atherectomy 730
direct renin inhibitors, discontinuation prior to 

PCI 433–434, 434
Direct Stent Stent‐Graft 258
direct thrombin inhibitors (DTI) 384–385, 409, 

411–413, 425, 445, 473–474
dosing 425
heparin‐induced thrombocytopenia 409, 411
PCI 427
reversal 474
see also individual drugs (e.g. bivalirudin)

distal and proximal coronary pressure ratio (Pd/Pa) 64
diuretics 433–434, 434
DIVERGE trial 349, 353
Doppler flow velocity traces, coronary flow reserve  

61, 62
double blind trials 298
double coaxial guiding catheter technique 48, 49–50
double transseptal technique 588, 589
double wire technique 542
DREAMS 2G stent 366
DREAMS stent 366
DREAM trial 695
drug abuse

thoracic aortic disease 678
upper extremity arterial vasospasm 748

drug‐coated balloons (DCB) see drug‐eluting 
balloons (DEB)

drug‐eluting balloons (DEB) 56, 57, 245–246
acute myocardial infarction 246
bifurcation lesions 246
clinical trials 733, 733
critical limb ischemia 743–744
de novo lesions 246
in‐stent restenosis 220, 245–246
popliteal artery lesions 733, 734
STEMI 246
superficial femoral artery disease 728–729

drug‐eluting stents (DES)
acute myocardial infarction 304
alternative drug release technologies 369–370
antiproliferative agents 369
bifurcation lesions 175, 177, 179
biodegradable polymers 369, 370, 372
BioMatrix Flex vs. 351
BioMatrix stent vs. 351–352
chronic total coronary occlusion 198
clinical trials 301–312
coil design 369
components 314
coronary artery bypass graft vs. 144–145, 

304–305, 305
critical limb ischemia 743
delivery systems 369
diffuse vessel disease 208–209
durable polymers 369–370, 371
femoropopliteal artery disease 734
first‐generation 368–376

initial studies 301
late stent thrombosis 310–311
meta‐analyses 308–310
off‐label use 309, 309
randomized trials 308–310
registries 308–310
safety concerns 310–311, 436

fracture 82, 83
future perspectives 373–375
in‐stent restenosis see in‐stent restenosis (ISR)
intravascular ultrasound guidane 80–81
mesenteric ischemia 702

metallic alloys 368–369
metallic platforms 368–369
multivessel coronary artery disease 188
multivessel disease 304–308
myocardial infarction 156–157
Nobori stent vs. 354–357
non‐polymeric 370, 372, 374
non‐slotted tube design 369
novel 310–311, 368–376
optical coherence tomography 97
polymer coatings 369–370
restenosis 301
saphenous vein graft interventions 202
second generation 326–334, 436
slotted tube design 369
small vessel disease 206
stent design 369
strut design 369
unprotected left main coronary artery disease  

168–169, 171
see also individual stents

drug‐filled stent (DFS) 369, 373, 374
drug use, thoracic aortic disease 678
D‐Stat Dry 22
dual antiplatelet therapy (DAPT) 381, 397,  

436–442, 443
adherence 322
aspirin vs. 476
atrial fibrillation 439–440
bare metal stents 439
best evidence‐based clinical practice 437
cessation 322, 405, 438, 439
duration

high risk patients 438–439
international guidelines 437
patients in need of surgery 439
prolonged 439
stent technology and 437–438

early cessation 436
endovascular interventions 755, 756
everolimus‐eluting stents 322
evolution 436
future directions 440
non‐compliance 405
non‐ST segment elevation acute coronary 

syndromes 152
oral anticoagulants and 446, 448
pre‐operative strategy 439
STEMI patients 437
transcatheter aortic valve implantation 512–513
unprotected left main coronary artery 

disease 171–172
upcoming trials 440

dual‐source computed tomography (DSCT) 110
in‐stent restenosis 114
principles 107, 109, 110

Duett vascular closure device 270
duplex ultrasonography

abdominal aortic aneurysm 693
chronic venous insufficiency 763
in‐stent restenosis 711
renal artery stenosis 706, 707
renal artery stent procedures 706, 710
renal denervation 503
thoracic aortic aneurysm 688
thoracic endovascular aortic aneurysm repair 688
upper extremity arterial disease 750, 751

DUTCH PEERS trial 329, 330

EARLY‐ACS trial 152, 383, 416
EAST maneuver 750
e‐BioMatrix 348
e‐BioMatrix India 347
e‐BioMatrix Post‐Marketing Registry 347
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e‐BioMatrix Post‐Marketing Surveillance 347
e‐BioMatrix Registry 347
ECASS III trial 643
echocardiography

acute aortic syndromes 680
alcohol septal ablation 519, 521, 521
balloon mitral valvuloplasty 607–608, 608, 616
coronary artery perforation 256
mitral stenosis decision‐making 606
paravalvular leak 633, 633
right ventricular outflow tract obstruction 623
transcatheter pulmonary valve implantation 623
transesophageal see transesophageal 

echocardiography (TEE)
transseptal puncture 582, 585, 586
transthoracic see transthoracic echocardiography 

(TTE)
echocardiography scoring system, balloon mitral 

valvuloplasty outcomes 607, 608
ECMO, cardiogenic shock 164
Edinburgh Vein Study 759, 760
edoxaban 492, 492
EGO‐BIOFREEDOM trial 349, 353–354
Ehler–Danlos type IV 687
EkoSonic Endovascular System 494, 494–495, 495
elderly patients

multivessel coronary artery disease 188
transcatheter aortic valve replacement, 

stroke risks 511
electrophysiology, transseptal puncture 588, 588, 589
ELEVATE‐TIMI‐56 trial 400
ELEVATE‐TIMI trial 454
elinogrel 382, 402
embolic protection devices (EPDs)

carotid angioplasty and stenting 653–654, 
655–659, 662

clamping intolerance 658, 659
clinical results 655, 657–658
complications 658–659
device selection 658–659
distal devices 655–657
filters 655, 656, 657
limitations 656–657, 658
new developments 658
proximal devices 657–658
proximal vs. distal devices 658

mesenteric ischemia 702
mesenteric vascular interventions 702, 703
no‐reflow phenomenon 259–260
renal artery interventions 710
saphenous vein graft interventions 202–203
transcatheter aortic valve replacement 565, 566
see also individual devices

embolism
balloon aortic valvuloplasty 510
balloon mitral valvuloplasty 616
carotid angioplasty and stenting complication  

668, 669
cryptogenic, patent foramen ovale closure 507
distal

carotid angioplasty and stenting 666–667
predisposing factors 668

pulmonary see pulmonary embolism (PE)
renal artery interventions 711
structural heart disease interventions 507–508
transseptal puncture 589
valvular heart disease interventions 507–508

embryonic recall 770, 771
EMERALD trial 259
EMPIRE trial 657
Endeavor stent 371
endocardial devices

anticoagulation 528
design/technical details 525–526

indications 525
post‐implantation consideration 528

Endologix AFX device 694, 694
endothelial damage, atherosclerosis 3, 7
endothelial dysfunction, atherosclerosis 7
endothelial progenitor cells 290
endothelin‐1 (ET‐1) 7
endovascular aneurysm repair (EVAR)

abdominal aortic aneurysm 692–697
access vessels 694
anatomic requirements 693–694
branched devices 694
case study 695–696, 696
devices 692, 694, 694
diagnostic imaging 693
endoleaks 694–695
hypogastric artery embolization 694
indications 693
inferior mesenteric artery embolization 694
landing zones 694
preoperative evaluation 693
ruptured aneurysms 693
snorkeling/chimneying 694
supporting evidence 695

endotension 695
historical aspects 692
popliteal (EPAR) 735
thoracic aortic aneurysm see thoracic endovascular 

aortic aneurysm repair (TEVAR)
endovascular management/therapy

acute stroke intervention 645
antithrombotic strategies 754–758
aortic dissection 683
cerebral aneurysms see cerebral aneurysms
chronic venous insufficiency 765
critical limb ischemia 745

below the knee interventions 739, 741
penile arterial revascularization 717–718, 718
stent retrievers vs. 645
superficial femoral artery disease 726
upper extremity arterial disease 751–752
vertebral artery disease 752, 753

endovascular popliteal aneurysm repair (EPAR) 735
endovascular repair, mesenteric circulation 702
endovascular thrombectomy 646
endovenous laser ablation (EVLA), superficial venous 

reflux 764
end‐stage renal disease (ERSD), atherosclerotic renal 

artery stenosis 705–706
Endurant device 694, 694
ENERGY registry 361
Engager™ aortic bioprosthesis 572, 579–580, 580

trials 579–580
enoxaparin 409, 424, 426, 471–472

acute coronary syndrome 410, 426
coronary artery disease 410
dosing 424, 472
dosing recommendations 411
glycoprotein IIb/IIIa inhibitors and 471
monitoring 471–472
non‐ST‐elevation acute coronary syndrome 410
PCI 410–411
reversal 472
ST‐elevation myocardial infarction 410–411, 426
unfractionated heparin vs. 426, 471
use recommendations 428

ENROUTE Neuroprotection System 658
Enterprise EZ stent 675
Enveo R™ delivery system 576, 576
EPIC trial 477–478
epigenetics 459
EPILOG study 422, 477–478
EPISTENT trial 422, 477–478
eptifibatide 383, 415, 423, 425, 475, 477, 478

dosing 425
heparin vs. 423
monitoring 478–479
no‐reflow phenomenon 262
PCI 421
pharmacologic characteristics 383, 416
reversal 479

erectile dysfunction (ED) 713
angiography 714–715, 716

erectile‐related artery (ERA) 713
ESCAPE trial 645
ESCHAR study 765
E‐selectin 7
E‐SIRIUS trial 303
ESPIRIT trial 383, 421, 423, 478
ESPS II trial 383
ESSENCE trial 471
ETAP study 734
EUCLID trial 756
EUROMAX trial 159, 412
European Bifurcation Club (EBC) 177
European Society of Cardiology and the European 

Association for Cardio‐Thoracic Surgery (ESC/
EACTS)

dual antiplatelet therapy duration guidelines 437
oral antiplatelet agent clinical guidelines 402, 403

EUROSTAR study 689
Eurydice Registry: European Direct Aortic Corevalve 

Experience 571
EVAR 1 trial 695
EVERBIO II study 338–339, 348, 351
EVEREST I trial 599
EVEREST II trial 507, 513, 599–601, 601, 602
EVEREST REALISM 601
everolimus 318–319, 328–329, 331

mechanism of action 318, 328–329
everolimus‐eluting stents (EES)

ABSORB bioresorbable vascular scaffold vs. 335, 
338–339

bifurcation lesions 323
biocompatibility 316, 326–327
BioMatrix stent vs. 351–352
cobalt‐chromium 313–325

platform 317–319
platform biomechanics 313–314
strut thickness 313–314
technical aspects 317–319

corrosion resistance 316–317, 317, 326–327
dual antiplatelet therapy (DAPT) 322
durable polymers 369–370
endothelial healing 318, 319
inflammation reduction 316–317
in‐stent restenosis 323
long vessels 323
multivessel disease 323
ORSIRO stent vs. 362, 365
platinum‐chromium 326–334
polymer 317–318, 318
sirolimus‐eluting stent vs. 322
small vessels 323
surface characteristics 326–327
surface oxidation 316
thrombosis resistance 316
unprotected left main coronary artery disease  

168–169, 171
zotarolimus‐eluting stent vs. 321, 329

EVOLVE I trial 331, 332
EVOLVE II trial 331, 332
EVOLVeS trial 764
EXAMINATION trial 321, 322
EXCELLENT trial 321, 322
Excelsior SL 10 microcatheter 674
EXCEL trial 169
excimer laser‐assisted angioplasty (ELCA)
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critical limb ischemia 745
leg arteries 730–731
thrombus‐containing lesions 239–241

excimer laser atherectomy 224–225
excimer laser coronary atherectomy (ELCA)  

227–229, 228
chronic total occlusion 229
complications avoidance 229
indications 229
non‐dilatable lesions 229
saline infusion technique 227–229
technical considerations 227–229
under‐expanded stents 229

excisional atherectomy, critical limb ischemia 744–745
EXCITE ISR study 731
EXCITE trial 444
EXECUTIVE trial 321, 322
Exoseal 22
Expedition stent 371
expression quantitative trait loci (eQTLs), CAD 466
EXTEND‐IA trial 645
external elastic membrane 73
EXTRACT‐TIMI‐25 study 426
extramural hematoma 81

factor IXa 381
factor Xa 381
factor Xa inhibitors 385–386, 413, 425, 445–446

direct 385–386
dosing 425
indirect 385
PCI 413
pulmonary embolism 492
see also individual drugs

FAME 2 trial 64, 64, 141–142, 299
FAME study 64, 64, 143
familial hypertrophic cardiomyopathy 459–460
FAST trial 728
fatty streak 7, 464
femoral access 17–26

anatomy 17, 18
balloon flotation catheters 487
bleeding at site 267, 268
carotid angioplasty and stenting 661
closure 19–25, 20

complications 272
manual compression 19, 22–23, 272
vascular closure devices see vascular closure 

devices
complications 267–270

infection 270
vascular 17

fluoroscopy 17, 18, 18
puncture technique 17–19, 18
renal denervation 504
transcatheter ventricular septal defect closure 543
transradial access vs. 27
ultrasound guided 19
vascular closure device injuries 270–272, 271

femoral artery
bare metal stents 728
drug‐eluting balloons 728–729
drug‐eluting stents 728
endovascular interventions 726
hemostasis techniques 272
superficial interventions 726–732

future developments 731
femoral artery dissection 270
femoral artery pseudoaneurysm 267–269

surgical repair 269
femoral sheaths 674
femoral skin crease 17
femoropopliteal occlusive disease 733–734
Femoseal 22

Femostop 19
FEMPAC trial 728–729
fenestrated endovascular aneurysm repair 

(FEVAR) 694
fentanyl 433
fibrin clot formation 380, 381
fibrin cuffs, chronic venous insufficiency 760
fibro‐atheromatous plaque 7
fibroelastic deficiency 593, 594
fibromuscular dysplasia (FMD) 705, 706

balloon angioplasty 709
cosmetic 707
diagnosis 707
renal angiography 707
screening indications 706

fibrous cap thickness (FCT)
optical coherence tomography 94
statins, influence of 95

fibrous plaques, optical coherence tomography 93
filter protection devices

saphenous vein graft interventions 202–203
thrombus‐containing lesions 235–236

final kissing balloon (FKB), bifurcation lesions  
179, 245

FINESSE trial 159, 417
finger‐to‐brachial pressure index (FIBI) 749
FIRST study 77
Five Arterial Zone classification 655, 655, 656
flail leaflet see degenerative mitral valve disease
Flash Ostial dual balloon angioplasty catheter 245
Flextome 57
floppy valve see degenerative mitral valve disease
flow diverters

cerebral aneurysm endovascular treatment 674, 675
intraluminal 675
intrasaccular 675

fluoropassivation 318
fluoroscopic time (FT) 283
fluoroscopy

common femoral artery 17
components 282, 284
deep circumflex iliac artery 17, 18
dose indicators 282, 283
femoral access 17, 18, 18
percutaneous transluminal angioplasty guided 

by 742
women and 287–288

foam cells 3, 7, 8, 464
focal force balloons 57–58
FOCUS‐CCTRN study 293
fold‐over artifact 93, 93
fondaparinux 385, 392, 413, 425, 427, 470, 472–473

acute coronary syndrome 427, 472
contraindications 427, 472
dosing 425, 472
heparin vs. 472
low molecular weight heparin vs. 427
monitoring 472
non‐ST segment elevation ACS 153, 413
PCI 427, 472–473
pharmacologic properties 385
recommendations 385
reversal 473
STEMI 413, 427, 472
unfractionated heparin vs. 427
use recommendations 428

foramen ovale 530
Fourier domain optical coherence tomography  

(FD‐OCT) 91, 92
mean lumen area 96

fractalkine 8
fractional flow reserve (FFR) 62, 63–66, 77

during angiography 65
assessment technique 65, 65–66

chronic total coronary occlusion 191
clinical applications 66
definition 63
diffuse vessel disease 207, 207
distal and proximal coronary pressure ratio  

(Pd/Pa) 64
gray zone values 65
ischemia detection 66, 68
multivessel coronary artery disease 186
myocardial ischemia 64
right atrium pressure 64
significance thresholds 64, 64–65
small vessel disease 205
stable angina 141
stenosis‐specific assessment 64
tortuous vessel disease 209
unprotected left main coronary artery disease 170
venous pressure 64

FRANCE‐2 trial 512
FRED flow diverter 675
FREEDOM trial 145, 188, 296, 304, 305
frequency domain optical coherence tomography  

91, 92
FRIC trial 471

gadolinium‐based contrast agents (GBCAs) 127, 128
Gaia wires 55
garden‐hosing phenomenon 540
gastroepiploic artery grafts 46, 48
gene therapy 773
genetics 459–468, 460

penetrance 459
polygenic/common complex disorders 460–461
traits inheritability 459

genomewide association studies (GWAS) 460, 460–461
coronary artery disease 460–461

case–control overlap 464–465
early development 464–465
environmental factors and 464
future disease models 465–466
genetic variants identified 462–463
limitations 464–465
time and 464

ghost artifacts 72
GHOST‐EU Registry 338
giant cell arteritis 748–749

medical treatment 750
surgical management 751

Glider balloon 245
GLOBAL LEADERS trial 352, 370
Global Registry of Acute Coronary Events (GRACE) 

score 391
non‐ST segment elevation acute coronary 

syndromes 148, 149
Global Risk Classification (GRC), unprotected left main 

coronary artery disease 170
glomerular filtration rate (GFR) 274

contrast‐induced acute kidney injury 274, 275
glycoprotein IIb/IIIa inhibitors 382–383, 415–417, 

424–425, 477–479
acute coronary syndromes 421–422
comparisons between agents 423
coronary artery disease, stable 416
dosing 424–425
endovascular intervention 756
enoxaparin and 471
guideline recommendations 417
intravenous 429
ischemic and bleeding complications 

reduction 393–394
mechanism of action 415, 416
monitoring 478–479
non‐ST segment elevation ACS 152–153, 411–412, 

416–417
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no‐reflow phenomenon 260–261, 262
PCI 415–417, 421–423, 422

clinical trials 421, 428
post‐PCI ischemic events 455
reversal 479
STEMI 415, 417
in triple therapy 444
use recommendations 428
vein graft PCI 203

glycoprotein IIb/V/IX receptor complex 379
GOLD study 478–479
Gore Cardioform Occluder 531, 532, 534, 536, 537

delivery 537, 538
Gore Excluder device 694, 694
Gore Helex Occluder 531, 532, 534
Gore TAG device 689
GRAVITAS trial 299, 400, 454, 476, 477
great cardiac vein 768–769
great saphenous vein, surgical ligation 765
Guglielmi Detachable Coil (GDC) 673
guide catheter(s) 44–46

access sites 46, 47
active engagement/deep seating 47
bifurcation lesions 44
cerebral aneurysm endovascular treatment 673–674
chronic total coronary occlusion 191
coronary artery perforation 256
extensions 50
functional design 44
gastroepiploic artery grafts 46, 48
length 45
lumen size 44, 45
physiologic assessment 60
renal artery interventions 709
saphenous vein graft interventions 202
selection 44–46
shape selection 44–45

left coronary system 44–45, 46, 46
right coronary systems 45, 47

size holes 45–46
size requirements 44, 45
support 46–47, 48
vein grafts 46
walls 44

guide catheter‐induced dissection 252, 252
GuideLiner catheter 50
guidewire(s) 50–55

alcohol septal ablation 518, 520
characteristics 50, 52
chronic total coronary occlusion 192–193
classification 51, 53–54
components 50–51, 51
extra support 53
functional design 52
handling characteristics 52
hydrophilic 51
lengths 50
materials 50–51
selection 50–55
shaping 51, 55
specialty 52–55, 53–54
thrombus‐containing lesions 235
transseptal puncture 584, 584
workhorse 51–52, 53

guidewire‐related coronary perforation 252, 254–255
Guidezilla 50

HAS‐BLED risk score 391, 393, 446
HATTRICK‐OCT trial 362, 363
hazard ratio 297
headache

atrial septal defect closure‐induced 539
ruptured aneurysms 671

heart failure
cardiac magnetic resonance 128–129
hemodynamics analysis 488

Heartrail II five‐in‐six catheter system 50
HEAT‐PPCI study 412–413, 427
hematoma, forearm 30–31

classification 30, 30
Hemoband 32
hemochromatosis 131
hemofiltration, contrast‐induced acute kidney 

injury 278
HEMONOX clotting time 471–472
hemopericardium

balloon mitral valvuloplasty complication 615
transseptal puncture complication 589

hemostatic patches 20, 22
heparin 408–409, 409, 424

acute coronary syndrome 408
acute stroke 651
acute stroke intervention 643–644
bivalirudin vs. 389, 473
coronary artery disease 408
dosing recommendations 408, 424
eptifibatide vs. 423
guideline recommendations 408
limitations 408–409
manual compression 19
percutaneous mitral valve repair 513
physiologic assessment 60
pulmonary embolism 493, 494
radial artery spasm 30
renal denervation 504
reversal 255–256, 408, 470
rupture cerebral aneurysms 676
structure 408
unprotected left main coronary artery disease 171
see also unfractionated heparin (UFH)

heparin‐induced thrombocytopenia (HIT) 409
treatment 409, 411, 429
type 2 (HIT‐2) 409

heparin‐induced thrombosis syndrome (HITTS) 426
Heptest 471
high on‐treatment platelet reactivity (HTPR) 466
high osmolality contrast media, acute kidney injury 

due to 277
high platelet reactivity (HPR)

clopidogrel 453
cut‐off values 454
ischemic events occurrence and 454
as risk factor 453–454
STEMI patients 455–456

high‐sensitivity C‐reactive protein (hs‐CRP) 9–10
hirudin 384–385, 411, 429
hirulog‐1 see bivalirudin
HO‐hemoxygenase 770
HORIZONS‐AMI trial 252, 304, 399, 412, 427, 

437, 473
HORIZONS trial 159
HOST‐ASSURE trial 329, 330
Hung’s formula 611
hybrid nitinol stents 659, 660
hybrid support techniques 47–49, 49
hydroxymethyl‐glutaryl‐CoA reductase inhibitors 

see statins
hyperemia 59, 61

endothelium independent response 61
hyperemic stenosis resistance (HSR) 61, 62–63, 63
hyperperfusion syndrome 667–668
hypertension 487–516

prevalence 499
pulmonary see pulmonary hypertension (PAH)
renal artery stenosis 705
resistant 499
surgical sympathetic denervation 500

sympathetic nervous system, role in 499–500
therapeutic options 499

hypertrophic obstructive cardiomyopathy (HOCM: 
HCM) 129, 130

catheter treatment see alcohol septal ablation (ASA)
obstruction causes 517
surgical myectomy 517

hypogastric artery embolization 694
hypotension 664–665
hypoxia, contrast‐induced acute kidney injury 275
hypoxia‐inducible factor‐1 (HIF‐1) 291

IABP SHOCK II trial 160
IBIS‐3 study 100
ICAM‐1 10
ICAROS study 655
IDEAL biodegradable stent 340–341
Igaki‐Tamai stent 339–340, 340
iliac artery dissection 270
iliac interventions 721–725
ILLUMINATE trial 733
iloprost, contrast‐induced acute kidney injury 278
imaging 59–137

plaque 5
structural heart interventions 629–639
see also individual modalities

iMAP intravascular ultrasound 84, 85–87, 87
IMPACT‐II trial 423, 478
Impella, cardiogenic shock 164
Impella 2.5 system 172
IMPROVE trial 693
IMS‐I trial 644
IMS‐II trial 644
IMS‐III trial 644
incomplete stent apposition (ISA) 84, 85–86
index of microcirculatory resistance (IMR) 68, 68–69
indirect factor Xa inhibitors 385
indirect thrombin inhibitors 384
indocyanine green (ICG) 101
infection, femoral access complication 270
inferior mesenteric artery (IMA)

embolization, endovascular aneurysm repair 694
occlusion 700

inferior vena cava filters, pulmonary 
embolism 496–497

inferior vena cava (IVC) interruption, balloon mitral 
valvuloplasty 614

inflammation 3–16
acute myocardial infarction 7
atherosclerosis natural history 7–8
plaque destabilization 5
as vulnerability factor 8–9

infundibular obstruction, post‐balloon pulmonary 
valvuloplasty 621

INFUSE‐AMI trial 245, 261, 417
InLine™ sheath 576
inotropes

cardiogenic shock 166
during PCI 434

Inoue balloon catheter, balloon mitral 
valvuloplasty 610–611

IN.PACT Admiral drug coated balloon, popliteal artery 
lesions 733

IN.PACT SFA trial 733
in situ mesenteric thrombosis 698
INSPIRE 1 registry 354, 355
instantaneous wavefree ratio (iFR) 62, 66–67, 67

calculation 66
clinical trials 66, 68
normalization 66, 66
no touch approach 66
practical considerations 66–67

INSTANT trial 423
INSTEAD trial 683

glycoprotein IIb/IIIa inhibitors (cont’d)
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INSTEAD XL trial 689
in‐stent restenosis (ISR) 213–223

approach to 220–221, 221
clinical presentation 213
definition 213
drug‐eluting balloons 220, 245–246
drug‐eluting stents, as treatment 220
drug resistance 218
early restenosis 218

biologic factors 218
mechanical factors 218

everolimus‐eluting stents 323
hypersensitivity 218
incidence 213
incomplete stent apposition 218
intravascular imaging 220
intravascular ultrasound 75, 81, 82
late restenosis 218–219
mechanisms 82
mesenteric ischemia 702
morphologic pattern 219, 219
multislice computed tomography 114, 118
new generation drug‐eluting stents 213–223, 

214–217
optical coherence tomography 98
pathophysiologic mechanisms 213–219
predictors 219, 219–220
renal artery stents 706, 711
small vessel disease 206
stent factors 218
stent underexpansion 82
technical factors 218

integrated backscatter intravascular ultrasound (IB‐
IVUS) 85, 87

intention to treat 299–300
intercellular adhesion molecule‐1 (ICAM‐1) 7
interior vena cava (IVC) anomalies, balloon mitral 

valvuloplasty 614
interleukin‐1 (IL‐1) 7
interleukin‐6 (IL‐6) 7, 10

abdominal aortic aneurysm 692
Takayasu’s arteritis 748

interleukin‐12 (IL‐12) 11
interleukin‐18 (IL‐18) 11
intermittent claudication (IC) 726
internal mammary artery (IMA) grafts 201
internal mammary artery (IMA) guide 46
internal pudendal artery (IPA) 713
International Registry of Aortic Dissection (IRAD), 

thoracic aortic disease in pregnancy 677
interventional cardiac magnetic resonance (ICMR) 134
interventional pharmacology 377–483

fundamentals 377–396
intimal hyperplasia

intravascular ultrasound 74, 75
post‐pulmonary artery endovascular 

stenting 620–621
intimal thickness

intravascular ultrasound 73
optical coherence tomography 93

intra‐aortic balloon pump (IABP)
cardiogenic shock 164
myocardial infarction 158
unprotected left main coronary artery disease 172

intra‐arterial lytic therapy 643–644
intraatrial septal aneurysm (IAS), balloon mitral 

valvuloplasty 611–614, 614
intraatrial septum tenting, transseptal puncture 585, 

587, 636, 636
intracardiac echocardiography (ICE)

atrial septal defect closure 535
patent foramen ovale closure 535, 535–536
transseptal puncture 582, 585

during balloon mitral valvuloplasty 609–610

intracardiac imaging (ICE)
paravalvular regurgitation 540–541
transcatheter paravalvular leak closure 541

intracoronary infusions, no‐reflow phenomenon 261
intracranial aneurysms 671

endovascular treatment 673
intracranial angiography, carotid angioplasty and 

stenting 661
intracranial hemorrhage 643, 651
intramural hematoma (IHM) 250, 251, 678, 683

clinical manifestations 678, 679
complications 683
disease progression predictors 683
gender differences 677
imaging 680
incidence 677, 683
intravascular ultrasound 81
treatment 683
ulcer‐like projections 683

intrasaccular flow diverters 673
intravascular ultrasound (IVUS) 71–90, 92

acute myocardial infarction 76, 78
aneurysms 78, 79
angiography vs. 34, 75–79
artifacts 72, 72, 74, 75
atherosclerosis 5
bifurcation lesions 183
bioresorbable vascular scaffold implantation 339
calcified plaque 78, 79
chronic total coronary occlusion 195, 198
consensus documents 72
console 71–72
coronary artery remodeling 75–76
cross‐sectional area measurement 74, 74
diffuse vessel disease 207
equipment 71–72
image acquisition/presentation 72–73
image quality 72
in‐stent restenosis 75, 220
intermediate lesions 77–78
left main coronary artery disease 77–78
limitations 84–87
longitudinal representation 72
mean lumen area (MLA) 77–78
motorized pullback 72
multivessel coronary artery disease 186
neoatherosclerosis 78–79
normal artery morphology 73, 73
optical coherence tomography vs. 96
plaque 74, 75
plaque ruptures 76, 77
principles 71
pseudoaneurysms 78, 80
qualitative analysis 74
quantitative analysis 74, 74
sawtooth appearance 72, 73
serial restenosis studies 82–87
small vessel disease 205
spontaneous dissection 78
stent cross‐sectional area 74
stent edge dissections 249–250
stent implantation guidance 79–81

complications 81
restenosis predictors 80–81
stent expansion 79–80
stent malapposition 79–80
stent sizing 79
thrombosis predictors 80–81

thrombus 75, 76, 234, 235
tortuous vessel disease 209
transducers 71–72
unprotected left main coronary artery disease 170
unstable lesions 76–77
unusual lesion morphology 78–79

intravascular ultrasound radiofrequency 84–87
iodine dose: glomerular filtration rate (I/GFR) ratio, 

contrast‐induced acute kidney injury 277
ionizing radiation 282
ISAR DESIRE 3 trial 246
ISAR LEFT MAIN trial 169
ISAR‐REACT‐2 trial 416, 422
ISAR‐REACT‐3 trial 411, 429
ISAR‐REACT‐4 trial 412, 416, 473
ISAR‐REACT trial series 421
ISAR‐TEST 3 370
ISAR‐TEST 4 370
ISAR TRIPLE trial 448
ischemia

antithrombotic regimens 389–396
catheter‐induced 47
see also specific types of ischemia

ischemic heart disease (IHD)
cardiac magnetic resonance 129
stable, parenteral agents in PCI 421–431
see also coronary artery disease (CAD)

ischemic nephropathy, atherosclerotic renal artery 
stenosis 705

ischemic remote preconditioning (RIPC) 278
ischemic stroke, risk of 3
ISIS‐2 trial 399
iso‐osmolality contrast media (IOCM), contrast‐

induced acute kidney injury 277
isotonic saline, contrast‐induced acute kidney 

injury 276
IVC interruption, balloon mitral valvuloplasty 614
IVUS see intravascular ultrasound (IVUS)

JenaValve prosthesis® 580–581, 581
trials 581

J‐LANCELOT 402
Jostent/Graftmaster RX coronary stent graft 

device 256–258
Judkins left catheter, transradial access 32
Judkins Left (JL) curves 45
Judkins Right (JR) guide catheters 45
juvenile mitral stenosis, balloon mitral 

valvuloplasty 614–615
J‐wire, transradial access 32

Kaplan–Meier life‐table plot 297, 298
KDIGO study 274
kerma area product (KAP) 282, 283
kidney

loss, renal artery interventions complication 711
see also entries beginning renal

kidney injury molecule‐1 (KIM‐1) 276
kissing balloon technique, renal arteries 710
Kiwami 4 Fr‐in‐6 Fr catheter 50

LACI trial 730–731
lactate acidosis 434
Lake Louise cardiac magnetic resonance diagnostic 

criteria 130
LANCELOT‐ACS trial 402
LANCELOT‐CAD trial 402
LARA study 764
large‐bore arterial access 548–552

access planning 549
arterial puncture 551
candidates for 548, 549
contralateral safety wire 552
pre‐closure 23, 549–552
sheath selection 549

large‐bore venous sheath management 24–25
figure of 8 suture 25

Lariat procedure 525, 528
Lariat system 525, 528
laser‐cut stents, cerebral aneurysms 675



788 Index

LASER registry 450
late stent malapposition (LSM)

intravascular ultrasound 82–84
late stent thrombosis 82–84

late stent thrombosis
drug‐eluting stents 310–311
late stent malapposition 82–84

LateTIME trial 292
LEADERS FREE trial 354, 370
LEADERS trial 348, 351, 370
leaflet thrombosis 513
left anterior descending (LAD) artery

grafts 201
guide catheters 45

left anterior descending/circumflex (LAD/Cx) stents, 
multislice computed tomography 114

left atrial appendage, thrombus formation 525
left atrial appendage closure 643

antithrombotic management 513
stroke 508
transseptal puncture 588, 588

left atrial appendage exclusion 525–529
combined endocardial‐epicardial approach 528
echocardiographic measurement 526–527, 527
endocardial devices 525–526, 528
epicardial devices 525, 528
follow‐up 528
future research 529
imaging 526–527
implantation 526–528

confirmation/release 528
deployment 527–528
positioning 527
sizing 527

indications 525
Lariat procedure 525
post‐implantation consideration 528
surgical 525
transeptal access 527

left atrial thrombus
balloon mitral valvuloplasty 611, 614
classification 613
transseptal puncture 590

left atrium
giant, balloon mitral valvuloplasty 611–614
large, transseptal puncture 586–587

left‐bundle branch block (LBBB), transcatheter aortic 
valve replacement 561

left coronary artery
catheter selection 34
guide catheters 45

left heart failure, hemodynamics 488
left internal mammary artery, guide catheters 46
left main coronary artery disease 308
left main (LM) stents 114
left mammary artery (LIMA)

grafts 39, 203
transcatheter aortic valve implantation 569

left radial approach (LRA) 28
left ventricular assist devices

cardiogenic shock 164
unprotected left main coronary artery disease 172

left ventricular dysfunction, multivessel coronary artery 
disease and 188

left ventricular ejection fraction (LVEF), stem cell 
therapy 291, 292

left ventricular end diastolic pressure, contrast‐induced 
acute kidney injury 276–277

left ventricular outflow tract (LVOT)
alcohol septal ablation 517–518
transcatheter aortic valve replacement 631, 632

left ventricular performance, balloon aortic 
valvuloplasty 547

leg edema, varicose veins 760–761

Lekton Magic coronary stent 362
LEMAX pilot study 168
Leo stent 673, 675
lepirudin 384–385, 411, 429
lesser veins 768
leukocyte trapping, chronic venous insufficiency 760
LEVANT 1 trial 729, 733
lidocaine, during PCI 433
lifestyle modification

atherosclerotic renal artery stenosis 708
hypertension 499

light transmittance aggregometry (LTA) 474–476, 478
limus agents 218
linkage studies 459–460
lipid core burden index (LCBI) 98
lipid core plaque (LCP), near‐infrared spectroscopy 98
lipid‐rich plaque, optical coherence tomography 94
Lipid‐Rich Plaque Study 100
Loeys–Dietz syndrome 678, 687
log‐rank test 297
Lombard Aorfix 694, 694
LONG DES V trial 355, 357
longitudinal stent deformation 327–328
Lotus Valve 572, 577, 578
low density lipoprotein (LDL) 9, 461–464

atherosclerosis 3
lower extremity arterial system evaluation 738
lower extremity ischemia, femoral access 

complication 269–270
low molecular weight heparin (LMWH) 384, 410, 

410–411, 426–427, 470, 471–472
acute coronary syndrome 471
anticoagulant profile 471
coronary artery disease 410
dosing recommendations 411, 472
endovascular intervention 756
fondaparinux vs. 427
function 410
limitations 411
monitoring 471–472
NSTEMI 471
PCI 410–411, 426–427
pharmacologic properties 385
reversal 411, 472
structure 410
unfractionated heparin vs. 409, 410, 426–427, 471

low‐on‐treatment platelet reactivity (LPR)
bleeding and 455, 456
cut‐offs 455, 456

low osmolality contrast media (LOCM), contrast‐
induced acute kidney injury 277

lumbar puncture, ruptured aneurysms 671
lumen measurements, optical coherence 

tomography 96
LVIS Jr. stent 675
LVIS stent 675
lymphedema, chronic venous insufficiency 761
lytic therapy

contraindications 646, 646
intra‐arterial vs. intravenous 644

macrophages
atherosclerosis 3, 7
optical coherence tomography 5, 94–95

magnesium absorbable vascular scaffolds 362–366, 366
first generation 365
new 365–366
resorption process 366, 366

magnetic resonance angiography (MRA)
abdominal aortic aneurysm 693
atherosclerotic renal artery stenosis 707
renal artery disease 133
renal artery stenosis 706, 707
renal denervation 503, 504

thoracic aortic aneurysm 688
thoracic endovascular aortic aneurysm repair 688
unruptured cerebral aneurysms 672
upper extremity arterial disease 750

magnetic resonance imaging (MRI)
abdominal aortic aneurysm 693
acute aortic syndromes 680, 680
cardiac see cardiac magnetic resonance (CMR)
molecular imaging 100
unruptured cerebral aneurysms 672

magnetic resonance venography, chronic venous 
insufficiency 763

magnitude of treatment effect 296
major histocompatibility complex molecules 

(MHC II) 7
malperfusion syndrome 700
manual compression

aids 19
balloon aortic valvuloplasty 553

MAPPET study 493
Marfan’s syndrome 687

genetics 678, 687
mitral regurgitation 594
thoracic aortic disease during pregnancy 677–678

MASS II trial 142
MASS trial 142, 143
materials, selection 44–58
matrix metalloproteinases (MMPs) 7, 8
MATRIX study 27
Mayo Clinic risk score, multivessel coronary artery 

disease 185–186–187
May–Thurner syndrome 765
mean lumen area (MLA), optical coherence 

tomography 96
mechanical support devices 164, 165
mechanical thromboembolectomy 644–645, 646
median arcuate ligament (MAL) syndrome 700–701
Medtronic Atlas valve 625, 625
Medtronic balloons, cerebral aneurysm endovascular 

treatment 674
Melody trial 622–623
Melody valve 623, 624

outcomes 623–624
stent fracture 623

MELT trial 643–644
Mendelian inheritance 459
Merci Retriever 645
mesenchymal stem cells (MSC) 291, 293
mesenteric artery stenosis 700
mesenteric ischemia see acute mesenteric ischemia 

(AMI); chronic mesenteric ischemia (CMI)
mesenteric stents 702, 703, 703
mesenteric vascular intervention complications  

702, 703
mesenteric venous thrombosis (MVT) 699–700
meta‐analyses 299
metallic alloys, drug‐eluting stents 368
metallic commissurotomy 609
metformin, lactate acidosis induction 434
methylprednisolone, giant cell arteritis 750
METOCARD‐CNIC trial 433
metoprolol 433
MGuard stent 241

coronary artery perforation 256, 257
microcatheters

cerebral aneurysm endovascular treatment 674
chronic total coronary occlusion 191–192, 193

microcoil embolization, coronary artery 
perforation 256

microguidewires, cerebral aneurysm endovascular 
treatment 674

midazolam, PCI, peri‐procedural sedation 433
military position 750
mini‐DK‐Crush technique 181–182
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mini‐sternotomy, transthoracic transcatheter aortic 
valve implantation 569, 570, 570

MISSION! trial 304
mitotic cardiomyocytes 290
MitraClip 599–602, 600, 634, 635

antithrombotic management 513
clinical trials 599–601, 602
Clip Delivery System 599, 600, 601
components 599, 600
degenerative mitral regurgitation 601
FDA approval 601
functional mitral regurgitation 602
heart failure hospitalizations reduction 601, 602
single leaflet detachment 599
stroke 507, 511
transseptal puncture 587

Mitralign Percutaneous Annuloplasty System 602, 603
mitral regurgitation (MR)

balloon mitral valvuloplasty complication  
615–616, 616

cardiac magnetic resonance 132
functional classification 592–594, 593

mitral restenosis, post‐balloon mitral 
valvuloplasty 616–617

mitral stenosis 606, 607
mitral transcatheter paravalvular regurgitation 

occlusion 541–542, 542
mitral valve

anatomy 592, 606
cardiac magnetic resonance planimetry 132
degenerative disease see degenerative mitral valve 

disease
leaflet prolapse 592–594
percutaneous repair see percutaneous mitral valve 

repair
segments 592, 593

mitral valve area (MVA) 606
mitral valve prolapse see degenerative mitral valve 

disease
mitral valve surgery 595, 595–597

anterior leaflet prolapse 596–597
cardiopulmonary bypass 595
chordae transposition 596–597, 598
commissural prolapse 597
intraoperative valve analysis 595
mini‐invasive, direct vision 595
myocardial protection 595
percutaneous leaflet repair see MitraClip
percutaneous repair see percutaneous mitral valve 

repair
perioperative management 595
posterior leaflet prolapse 596, 596
reconstructive 595, 595–597

reoperation 598, 598
results 598, 598

robotic 595
saline test 597
surgical incision 595
transcatheter replacement 604–605
triangular resection 596
valve exposure 595
valvuloplasty see balloon mitral valvuloplasty (BMV)
video‐directed 595
see also individual procedures

mitral valvuloplasty, balloon see balloon mitral 
valvuloplasty (BMV)

MMPs 7, 8
modified Allen’s test 27
modified anchor wire technique 541, 542, 542
modified Blalock–Taussig shunt, tetralogy of Fallot 622
modified Seldinger technique 28
modified T stenting, bifurcation lesions 180
molecular imaging 100
Mo.Ma system 657

monocyte chemotactic protein‐1 (MCP‐1) 7
monocytes, atherosclerosis 7
monorail/rapid exchange technique 56
morphine, clopidogrel interactions 456
Morrow operation (surgical myectomy) 517
mother–child technique 49–50
mother guide catheters 49
motion artifacts

multislice computed tomography 109, 112
optical coherence tomography 92, 93

MR CLEAN trial 645, 647
MRI see magnetic resonance imaging (MRI)
MR‐RESCUE trial 644
MULTIBENE study 361
Multiplate analyzer 477
multiple electrode platelet aggregometry 477
multislice computed tomography (MSCT) 107–125

artifacts 109, 112
chronic total coronary occlusion 43
clinical applications 109–117
contrast 107, 108, 110
contrast enhancement 108
conventional angiography vs. 109, 112, 113
coronary angiography 109–117
of heart, indications 114
image parameters 110
image post‐processing 109, 111
non‐contrast 107, 108
partial voluming 109, 112, 113
patient preparation 110
principles 107
scanning modes 107, 108
sequential scanning/step‐and‐shoot 107, 108
spatial resolution 107
spiral/helical scanning 107, 108
stack misalignment 109, 112
technique 107–109
temporal resolution 107, 109

multivessel coronary artery disease (MVD) 185–189
acute coronary syndrome 187
cardiac magnetic resonance 129
diabetic patients 187–188
elderly patients 188
high risk patients 185, 186, 186–188
intermediate lesion assessment 186
left ventricular dysfunction and 188
medical therapy 188
non‐culprit lesion assessment 186
PCI 186, 187, 188
renal dysfunction and 188
revascularization strategy 185–186, 186

complete revascularization 185
culprit lesion strategy 185–186
drug‐eluting stents 188
incomplete revascularization 185
multivessel PCI 186
staged PCI 186

risk stratification 186–188, 187
STEMI and 187
three vessel disease 188

muscle pump dysfunction 766
MUSICA‐2 trial 449–450
mycophenolate mofetil 750
myeloperoxidase (MPO) 11
myocardial conditioning 160
myocardial contrast echocardiography (MCE), alcohol 

septal ablation 519, 521
myocardial infarction, acute 155–162

cardiac magnetic resonance 129
cardiogenic shock 158
definition 390
drug‐eluting stent 156–157
drug‐eluting stents 304
genetic risk variants 461, 462

intravascular ultrasound 76, 78
mechanical support 158
NSTEMI see non‐ST segment elevation acute 

coronary syndromes (NSTEACS)
peri‐procedural

prevention, near‐infrared spectroscopy 99
risk reduction, statins 434

predictors 391
primary PCI 155–158

current delivery standards 155–156
enhancements 156–158
initial experience 155
intra‐procedural therapy investigations 159
multivessel intervention 158
pharmacologic support 159–160
post‐procedural therapy investigations 159–160
pre‐procedural therapy investigations 159
technical approach 156–158
thrombolytic therapy vs. 155, 156

rescue PCI 158–159
salvage PCI 158–159
stem cell therapy see stem cell therapy
ST‐segment elevation see ST‐elevation myocardial 

infarction (STEMI)
myocardial ischemia, cardiac magnetic resonance 129
myocardial perfusion, cardiac magnetic resonance 129
myocardial regeneration 290
myocardial salvage 769
myocarditis, cardiac magnetic resonance 130
myxomatous valve disease see degenerative mitral valve 

disease

NAPLES‐III trial 429
National Institute of Heath Stroke Scale (NIHSS) 646
National Investigators Collaborating on Enoxaparin 

(NICE) group 426
near‐infrared fluorescence (NIRF) molecular 

imaging 100–101
clinical translation 101
imaging agents 101

near‐infrared fluorescence optical coherence 
tomography (NIRF‐OCT) system  
100–101, 101

near‐infrared spectroscopy (NIRS) 98–100
chemogram 98
clinical uses, potential 99
high‐risk plaque 99, 99
lipid core plaque 98
ongoing trials 100
stent sizing 99
system description 98

neoatherosclerosis 12
intravascular ultrasound 78–79
optical coherence tomography 12, 12, 98

NEPHRIC trial 277
Neuroform EZ stent 675
NeuroProtection System 657
neutrophil gelatinase associated lipocalin (NGAL) 275
New Risk Stratification Score (NERS), unprotected left 

main coronary artery disease 170
NEXT trial 355, 356–357
NFκB, atherosclerosis 7
NHLBI Dynamic registry 309, 309
NICE‐1 registry 426
NICE‐4 registry 426
nickel allergy 539
nicorandil, no‐reflow phenomenon 262, 433
NINDS trial 643, 644
ninety‐five percent confidence interval 296
nitinol stents 368, 659, 659, 660, 673, 675, 734
nitrates

instantaneous wavefree ratio measurement 66
physiologic assessment 60–61

nitric oxide (NO), atherosclerosis 7
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nitroglycerin 432
carotid artery spasm 666
no‐reflow phenomenon 261
radial artery spasm 30, 433

nitroglycerine (glycerine trinitrate) 432
nitroprusside, no‐reflow phenomenon 261–262, 433
NOBORI I trial 354–357, 355
NOBORI 2 study 354, 355
NOBORI CORE study 354, 355
NOBORI PK study 355
Nobori stent 354–357, 370, 372

clinical evidence 354, 355
drug‐eluting stent vs. 354–357
ongoing studies 357
pharmacokinetic studies 354
preclinical studies 354
randomized studies 354–357, 356
registries 354
sirolimus‐eluting stent vs. 354

non‐compaction cardiomyopathy 130
non‐inferiority designs, clinical trial 299, 300
non‐ischemic cardiomyopathies 130
non‐occlusive mesenteric ischemia (NOMI) 699, 699
non‐steroidal anti‐inflammatory drugs (NSAIDs), 

discontinuation prior to PCI 433–434, 434
non‐ST segment elevation acute coronary syndromes 

(NSTEACS) 148–154
adjunctive pharmacologic treatment 150–153, 151
coronary revascularization 149–150
direct thrombin inhibitors 410, 411–412, 416

bivalirudin 153, 410, 411–412, 416, 427, 473
dual antiplatelet therapy 438
factor Xa inhibitors 413
glycoprotein IIb/IIIa inhibitors 411–412, 416–417
invasive vs. ischemia‐guided approach 148–149, 150
low molecular weight heparin 410, 413
risk stratification 148, 149

non‐uniform rotational distortion (NURD) 72, 72
non‐vitamin K antagonist oral anticoagulants (NOACs)  

443, 445–446
acute coronary syndrome 445–446
mechanism of action 444
triple antithrombotic therapy 446, 448

Noonan syndrome 621
noradrenaline 434

cardiogenic shock 166
noradrenaline spillover technique 500
no‐reflow phenomenon 258–263

definition 258
direct stenting 260
embolic protection devices 259–260
evaluation 261
incidence 259
pathophysiology 259, 260
prevention 259–261
prognosis 262–263
treatment 261, 261–262

vasodilators 432–433
norepinephrine see noradrenaline
notification radiation dose level 286
NSTEACS see non‐ST segment elevation acute 

coronary syndromes (NSTEACS)
nuclear factor κB (NFκB), atherosclerosis 7
null hypothesis 299
number needed to treat (NNT) 297
Nurse’s Health Study 461

OASIS‐5 trial 427, 437, 472
OASIS‐6 trial 427, 472
odds ratio 297
OMEGA trial 327
omeprazole, clopidogrel and 448
ON‐TIME‐2 trial 417
open popliteal aneurysm repair (OPAR) 735

opioids, PCI, peri‐procedural sedation 433
optical coherence tomography (OCT) 91–98

artifacts 92–93, 93
atherosclerosis 5
bifurcation lesions 183
bioresorbable vascular scaffolds 335–336, 337, 339
calibration 92
case study 101, 101–103, 102, 103
coronary angiography vs. 34
coronary arteries 94
coronary vessel anatomy 93–95
diffuse vessel disease 207
dissections 97
follow‐up assessment 97–98
incomplete stent apposition 84, 85–86
in‐stent restenosis 220
intramural hematoma 250, 251
IVUS vs. 91, 96
multiple reflections 93, 93
multivessel coronary artery disease 186
non‐uniform rotational distortion 92
percutaneous coronary intervention 95–98, 96
plaque characteristics 5, 6, 93–94, 94, 95
plaque rupture 5
post‐processing 92
principles 91
residual blood 92, 93
small vessel disease 206
stent edge dissections 249–250
stent re‐crossing guidance 97
stent thrombus 235
strut coverage analysis 97–98
system 91–93, 92
thrombus 234, 234–235
tissue protrusion 97
unprotected left main coronary artery disease 170
vulnerable plaque assessment 3, 94–95
Z‐offset 92

optical frequency domain imaging 91, 92
OPUS‐TIMI 16 trial 444
oral anticoagulants (OCA)

antiplatelet therapy and 444–445
dual antiplatelet therapy and 446, 448
long‐term 443–452
see also anticoagulation

orbital atherectomy 225, 229–230, 230, 730
critical limb ischemia 745

orbofiban 402, 444
Orsiro Clinical Program 363–364
ORSIRO stent 361–362, 372

clinical evidence 362, 363–364, 365
STEMI 362

orthodeoxia‐platypnea syndrome 531
ostial lesions, multislice computed tomography  

110–112, 115
Ostial Pro stent positioning system 710
otamixaban 385
Ovation device 694, 694
OVER trial 695
oxidative stress markers 11
oxidized LDL (ox‐LDL) 7

P2Y12 ADP receptor antagonists 381–382, 382, 
476–477

duration of treatment 437
ischemic and bleeding complications 

reduction 392–393
monitoring 477
non‐ST segment elevation acute coronary 

syndromes 152
reversal 477
see also individual drugs

P2Y12 receptor 379, 453, 454
pacemakers, cardiac magnetic resonance 128

PACIFIER trial 729
paclitaxel 369

drug‐eluting balloons 245
resistance 218

paclitaxel‐eluting stents (PES) 301–312
acute myocardial infaction 304
bare metal stents vs. 302, 302–303, 308, 308
BioFreedom stent vs. 353
FDS approval 301
meta‐analyses 308–310
metallic alloys 368
multivessel disease 304–308
polymer coating 369
randomized trials 308–310
registries 308–310
sirolimus‐eluting stent vs. 308–309, 310
stent thrombosis 302, 308
Xience stents vs. 319

Paget–Schroetter syndrome 749, 751, 765–766
Palmaz‐Schatz stent 258
papaverine, hyperemia induction 61
papillary muscle shortening 597
papillary muscle sliding plasty 597
PAR‐1 antagonists (inhibitors) 383
Paradise system 502, 504
paravalvular leak (PVL)

severity grading 633
transcatheter aortic valve replacement 561, 633, 633

management 633–634, 634
transcatheter closure see transcatheter paravalvular 

leak closure
transcatheter device closure 633–634

paravalvular regurgitation
aortic 541
clinical features 540
diagnostic evaluations 540–541
imaging 540–541
laboratory tests 540
localization 541
mitral 541
pathophysiology 540

PARIS registry 405
PARIS trial 438
PARTNER II S3 trial 575
PARTNER trial 512, 548

balloon aortic valvuloplasty 547
PASSION trial 304
patent foramen ovale (PFO) 530

cryptogenic stroke and 530–531
types 530

patent foramen ovale closure 530–539
adverse events 538–539
aftercare 539
antithrombotic management 513
closure procedure 536

completing 538
contraindications 532
cryptogenic stroke 508, 511, 530–531, 643
future directions 539
imaging 535, 535–536
occluder devices 532, 533–534, 536

delivery 537–538
embolization 538
selection 536

premedication 532–535
secondary stroke/TIA prevention 531
technique 532–536
transseptal puncture 536, 588

patent hemostasis, transradial access (TRA) 32
pathophysiologic triad 592–594, 593
Pathway PV system 730
PCI see percutaneous coronary intervention (PCI)
PCI‐CURE trial 438
PCSK9 inhibitors 461
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PC trial 531
peak skin dose (PSD), radiation 282, 283
PED flow diverter 675
pediatric patients, radiation management 288
pedigree studies 459–460
PEGASUS‐TIMI 54 study 401–402, 438
PEITHO study 493
pelvic arteries revascularization 713–720
penetrance, genetics 459
penetrating aortic ulcer (PAU) 684

clinical manifestations 678, 679
disease progession predictors 684
incidence 677, 684
treatment 684

penile arterial inflow (PAI), erectile dysfunction 715, 716
penile arterial inflow (PAI) disease 713
penile arterial revascularization 715–718

endovascular approach 717–718, 718
outcomes 717
patient selection/work‐up 718
surgical approach 715–716

penis
anatomy 713–714
arterial variants 714
blood supply 713–714, 714

PENTALYSE study 472
pentasaccharides 472–473
PENTUA study 472
Penumbra System 645
PEPCAD China ISR trial 246
PEPCAD II trial 245
Perclose ProGuide device 20–21, 21, 23

transcatheter aortic valve replacement 551, 562
vascular complications 22

percutaneous coronary intervention (PCI)
acute postoperative graft failure 202
adverse outcomes 389
after coronary artery bypass graft failure 201–202
antiarrhythmic drugs 432–435
antiplatelet agents 421–423

parenteral 415–420
arterial conduits 203
bleeding complications

definitions 389, 391
mortality risk 389
outcomes 389–391
pharmacologic reduction strategies 391–394
risk assessment 391

degenerated saphenous vein grafts 202–203
drugs to discontinued prior to 433–434
inotropes during 434
ischemic complications

definitions 389, 390
outcomes 389–391
pharmacologic reduction strategies 391–394
risk assessment 391

multivessel coronary artery disease 187, 188
non‐ST segment elevation acute coronary 

syndromes 148–154
optical coherence tomography 95–98, 96

for guidance 96
parenteral agents, stable patients 421–431
peri‐procedural sedation 433, 433
prior to transcatheter aortic valve replacement 561
rescue, in acute myocardial infarction 158–159
stable angina 138–143
triple vessel 188
unfractionated heparin 423–426
unprotected left main coronary artery disease  

168–174, 169
vasoactive drugs 432–435
vasopressors during 434
vein grafts 201–204
see also specific clinical indications

percutaneous direct annuloplasty 602–604
percutaneous endovascular aneurysm repair 

(PEVAR) 692
percutaneous indirect annuloplasty 602–604
percutaneous left ventricular assist device implantation

large bore venous access 25
transseptal puncture 588–589

percutaneous mitral commissurotomy 606
transseptal puncture 587

percutaneous mitral valve repair 599–605
antithrombotic management 513
complications 507, 638
direct/indirect annuloplasty 602–604
double‐orifice/edge‐to‐edge repair 599
emerging techniques 602–605
flail gap measurement 635
imaging for planning/guidance 634–638
MitraClip see MitraClip
transseptal puncture 587–588, 588

percutaneous renal stenting 709–710
percutaneous renal transluminal angioplasty 709
percutaneous suture‐mediated closure devices

balloon aortic valvuloplasty 549–550
failure 550
large‐bore arterial access 549–552
operator experience and 551

percutaneous transluminal angioplasty (PTA)
coronary 270
critical limb ischemia, below the knee 740–742, 742

access 740–741, 742
access site hemostasis 742
access site procedure 742
fluoroscopy guided 742
pedal access technique 741–742
ultrasound guided 741–742

popliteal artery lesions 733
superficial femoral artery disease 726–727, 727
vertebral artery disease 752

percutaneous transluminal coronary angioplasty 
(PTCA) 270

percutaneous transmitral commissurotomy (PTMC), 
residual atrial septal defect 616

PERFECT‐1 trial 717–718
PERFECT trial 179
perforator reflux 765
pericardial disease, cardiac magnetic resonance  

131, 131
pericardial effusion

balloon mitral valvuloplasty complication 615
chronic total coronary occlusion 199
coronary artery perforation 255
transcatheter aortic valve replacement 

complication 633
pericardial tamponade

balloon mitral valvuloplasty complication 615
coronary artery perforation 258

pericardiocentesis, coronary artery perforation 256
pericarditis, constrictive see constrictive 

pericarditis (CP)
peripheral arterial disease (PAD)

cardiac magnetic resonance 132
definition 733
femoral artery 726–732
popliteal artery stenting 733–734

peripheral arterial occlusive disease (PAOD) 721
peripheral cutting balloon, critical limb ischemia 744
peripheral vascular disease, endovascular 

interventions 754–758
peripheral vascular stents, right ventricular outflow 

tract stenting 622
perivalvular regurgitation (PVR), transcatheter aortic 

valve implantation complication 133–134
permanent pacemaker implantation (PPI), after 

transcatheter aortic valve replacement 565–566

permanent pacemakers, alcohol septal ablation 522
per‐protocol analyses 299–300
PETTICOAT concept, aortic dissection 683, 683
pharmacogenetics

clopidogrel 466
warfarin 466–467

pharmacogenomics 466–467
pharmacological agents 397–452
pharmacologic testing 453–483, 489–490

heart transplantation patients 489–490
pulmonary vascular resistance 489
transpulmonary gradient 489

phenylephrine 434
phosphodiesterase inhibitors 383

cardiogenic shock 166
in triple therapy 444

photoplethysmography (PPG)
chronic venous insufficiency 763
upper extremity arterial disease 749, 750

physiologic assessment 59–70
picotamide 402
Pilot wire 193
PIONEER ‐AF‐PCI trial 449–450
PIONEER ‐AF trial 440
PK Papyrus stent 367
plaque

attenuated 76–77
biomechanical stress 11–12
calcific 74
collagen synthesis suppression 8
erosion, optical coherence tomography 5, 6, 95, 95
fibrous 74
formation 461–464
hard/hyperechoic 74
inception 7
inflammation, serum markers 9–12
intravascular ultrasound 74, 75
microenvironment homeostasis 8
neovascularization, optical coherence 

tomography 95
optical coherence tomography 93–94
protrusion, optical coherence tomography 97
response to pharmacotherapies 5
rupture 3, 4, 464

biomechanical stress 11–12
inflammation 5
optical coherence tomography 6, 94, 95

soft/hypoechoic 74, 75
stability 3
stabilization strategies, optical coherence 

tomography 95
stable 3, 4, 7–8
unstable 3, 4
vulnerable see vulnerable plaque

plaque & media (P&M) complex, intravascular 
ultrasound 74

platelet(s)
activation 379, 380, 397, 443, 453, 474, 754
adhesion 379, 380
aggregation 379, 380, 474
pathophysiology 397
pharmacotherapeutic targets 397, 398
reactivity to bleeding relationship 455
in thrombus formation 379–381, 380

platelet‐activating factors 379
platelet aggregometry, clopidogrel 

responsiveness 453–454
platelet function testing 474–476

bleeding in PCI 455, 456
clinical decision making 453–458
high risk patients 454
peri‐procedural 453–458
randomized trials 454–455
risk stratification 453–458
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platelet inhibitors, cerebral aneurysms 673, 676
platelet monitoring assays 474
platelet transfusion, GP IIb/IIIa inhibitors  

reversal 479
PLATFORM trial 120–124, 382
platinum alloys, drug‐eluting stents 368
platinum‐chromium alloy 327

biomechanics 326
longitudinal stent deformation 327–328
properties 326, 327

PLATINUM LL trial 330
PLATINUM Long Vessel trial 329, 330
PLATINUM QCA trial 329, 330
PLATINUM Small Vessel trial 329, 330
PLATINUM trial 329, 330
PLATO trial 152, 382, 393, 401, 438, 476–477
pneumatic compression device 272
pneumatosis intestinalis 698
POISE‐2 trial 439
polyarteritis nodosa 700
poly‐D,L‐lactide (PDLLA) 370
poly‐L‐lactic acid (PLLA) 335

drug‐eluting stents 370
metabolism 361, 361

polymyalgia rheumatica (PMR) 748
poly (anhydride ester) salicylic acid stent 340–341
popliteal artery

critical limb ischemia 733
stenting 733–734

popliteal artery aneurysms (PAA) 734–735,  
735, 736

endovascular repair techniques 735
repair 735

popliteal artery interventions 733–737
adjunctive endovascular technologies 734
atherectomy 734
surgical 733

POPular‐TAVI trial 514
Portico™ valve 580, 580
POSEIDON trial 276, 293
positron‐emission tomography (PET), molecular 

imaging 100
power calculations 298–299, 299
PRAGMATIC Plus initiative 511
pragmatic trial 299
Prague 19 study 338
prasugrel 381, 382, 392–393, 401, 475, 476

acute coronary syndrome 401, 476
clinical guidelines 402, 403, 404
clopidogrel vs. 381, 392–393, 417
contraindications 381
dosing 477
duration of treatment 437
endovascular intervention 756
high platelet reactivity, STEMI patients 455–456
monitoring 477
non‐responsiveness 457
observational studies 401
pharmacology 398
STEMI 401
triple antithrombotic therapy vs. 444

PRECOMBAT trial 169, 308
PRECOMBAT 2 trial 169
prednisone

giant cell arteritis 750
Takayasu’s arteritis 750

pregnancy
balloon mitral valvuloplasty 615
chronic venous insufficiency 759
radiation management 287–288
thoracic aortic disease 677–678
varicose veins 759

pregnancy‐associated plasma protein‐A (PAPP‐A) 11

pre‐mounted stent 620
pressure controlled intermittent coronary sinus 

occlusion (PICSO) 770–773, 772
acute coronary syndrome 769, 771–773
follow‐up 770
pressure dynamics 773

PREVAIL trial 508
PRIAMUS registry 658
Prime stent 371
PRINCE system 276
PROACT‐1 trial 643–644
PROACT‐2 trial 643–644
PROBIO 360
PRODIGY trial 438
PRoFESS trial 383
PROGRESS AMS trial 365
PRO‐Heal registry 361
PRO‐Kinetic coronary stent system 360–361

clinical evidence 361
delivery system 360
restenosis 361

PROMETHEUS trial 361
PROMISE trial 118–120
Promus Element stent 328–331, 371

clinical trials 329–331, 330
design 327–328, 328
drug 328–329
platform 328
polymer 328–329
see also everolimus‐eluting stents (EES)

Promus Premier everolimus‐eluting stent 328–331
clinical trials 329–331, 330

PROOF study 658
propofol, PCI, peri‐procedural sedation 433
PROSPECT study 76, 85
PROSPECT II trial, near‐infrared spectroscopy 100
Prostar device 21

preclosure 23
Prostar® XL device 550–551

transcatheter aortic valve replacement 550–551
protamine 255–256, 408, 411, 470, 472
PROTECT AF trial 508, 513
proton pump inhibitor (PPI) 448
PRO‐Vision Study 361
PRVAIL trials 513
P‐selectin 7
pseudoaneurysm, femoral access 

complication 267–269
pulmonary artery

catheter‐based interventions 619–628
endovascular stenting 620–621

pulmonary artery stenosis 619
aquired 619
balloon pulmonary artery angioplasty 619
congenital 619

pulmonary embolism (PE) 491–498
acute, therapies for 492
anticoagulation 492, 492
catheter‐based therapies 494–497, 495
low‐risk 491, 492
massive 491, 492
medical therapy 492–497
patient selection 491
right ventricular dilatation 491
risk stratification 491
submassive 491, 492, 493
systemic thrombolysis 492–493

pulmonary hemodynamics 487–490
normal 488, 489, 489

pulmonary hypertension (PAH)
atrial septal defect closure 531
cardiac filling pressure 490
definition 488

hemodynamics 488, 490
pharmacologic drug testing 490

pulmonary regurgitation
post‐balloon pulmonary valvuloplasty 621
pulmonary balloon valvuloplasty complication 619

pulmonary valve, catheter‐based 
interventions 619–628

future developments 625–626
pulmonary valve stenosis 619, 621
pulmonary vascular resistance (SVR) 488
PulseRider device 673, 675
pulse volume recordings (PVRs), upper extremity 

arterial disease 749, 750
purinergic receptors 379
PURSUIT trial 478
p‐values 296

confidence intervals and 297
interpreting 297, 297

quality of life, chronic venous insufficiency 762–763
quantitative angiography (QCA), bifurcations 175
quantitative data 298

radial artery
as access site 27–33

see also transradial access (TRA)
anatomy 27, 28
dissection, transradial access‐induced 31
high‐origin 29
perforation, transradial access‐induced 31, 31
recurrent (accessory) 29, 29
tortuosity 29

radial artery loops 29, 29
radial artery occlusion (RAO) 27, 31, 32
radial artery spasm (RAS) 30, 433
radial–ulna bifurcation, high 29
radiation arteritis 749
radiation injury 286, 286
radiation management 282–289

effective dose 282, 283
eye protection 287
hand protection 287, 287
informed consent 284
patient 283–286, 284

time‐out process 284
pediatric patients 288
post‐procedural aspects 286, 286, 287
pre‐discharge instructions 286
pregnancy 287–288
pre‐procedure 284
procedural aspects 284–286, 285
quality processes 288
shielding 286–287
staff radiation safety 286–287

personal dose monitoring 286
training and education 288
women 287–288

radiation measurements 282
radiation safety officer (RSO) 286
Radidpoint ENOX test 471
radiobiology 282–283

patient‐related factors 282–283
radiofrequency ablation therapy, superficial venous 

reflux 764
radiologic dose 282, 283
RAI Registry 339
rapid platelet function assay (RPFA) 478–479
rapid ventricular pacing, balloon aortic 

valvuloplasty 553
RAVEL trial 303
RB006 386
reactive oxygen species (ROS) 8

atherosclerosis 7
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REACT study 158
receiver operating characteristic (ROC) curve analysis, 

high platelet reactivity (HPR) 454
recombinant factor VIIa, fondaparinux reversal 473
recombinant tissue plasminogen activator (rt‐PA)

acute stroke 643
pulmonary embolism 492, 493, 494

recombined hirudin 384–385, 411, 429
RECOVERY study 764
RE‐DEEM study 445
red thrombi 94
RE‐DUAL PCI trial 440, 449–450
REDUCE trial 539
reference point air kerma 282, 283
reference range 298
REG1 System 386
regadenoson, hyperemia induction 61
REGENT trial 292
relative coronary flow reserve (rCFR) 61–62
relative risk 296, 297
relative risk reduction 297
RE‐LY trial 448
remodeling balloons 674
remodeling ring annuloplasty 597, 597
remodeling technique 673
renal : aortic pressure ratio, atherosclerotic renal artery 

stenosis 707
renal angiography

atherosclerotic renal artery stenosis 707
fibromuscular dysplasia 707
renal artery stenosis 707
renal denervation 504

renal arterial resistive index (RI) 706, 708
renal artery, sympathetic nerves 500, 501
renal artery angiography, renal stenting 709
renal artery disease, cardiac magnetic 

resonance 132–133
renal artery dissection

renal artery interventions complication 711
renal denervation complication 505

renal artery interventions 705–712
arterial access 709
complications 711
distal protection devices 710
follow‐up 710
guide catheter engagement 709
peri‐interventional care 710
renal artery stenosis 709–711

renal artery perforation, renal artery interventions 
complication 711

renal artery revascularization, atherosclerotic renal 
artery stenosis 708–709

renal artery stenosis (RAS) 705
atherosclerotic see atherosclerotic renal artery 

stenosis (ARAS)
clinical outcomes 705–706
diagnosis 706–707
endovascular interventions 709–711
etiology 705
natural history 705–706
renal denervation complication 505
screening indications 706
stenting 710
vasculitis‐caused 710

renal artery stenting 708
renal denervation

ablation 504–505
biophysics 500–501

catheter technology 500–501, 502
complications 505
future developments 505
limitation 504–505
patient preparation 504

procedure 503–505
renal angiography 504
renal artery stents and 503
resistant hypertension 499–506

glomerular filtration rate 504
patient selection 503–504
percutaneous 500–503
rationale for 499–500

surgical 500
trial evidence 501–503
vascular access 504

renal denervation catheters 500–501, 502
renal fibrosis, renal artery stenosis 705
renal fractional flow reserve

atherosclerotic renal artery stenosis 707
fibromuscular dysplasia 707

RenalGuard system 276
renal insufficiency, contrast agent impact see 

contrast‐induced acute kidney injury  
(CIAKI)

renal replacement therapy, contrast‐induced acute 
kidney injury 278

renal sympathectomy 500
renal sympathetic nerves 500, 501
REPAIR‐AMI trial 291–292
REPLACE2/ACUITY/HORIZON‐AMI PCI bleeding 

risk score 391, 393
REPLACE‐2 trial 252, 427, 473
REPRISE I trial 577
REPRISE II trial 577
rescue PCI, in acute myocardial infarction  

158–159
RESET trial 438
RESILIENT trial 728
resistant hypertension 499

renal denervation see renal denervation
Resolution Integrity stent 371
RESORB study 340
RESPECT trial 508, 531, 539
restenosis 390
resynchronization therapy 768–775, 770
reteplase 417
retroesophageal right subclavian artery (RORSA)  

29, 29
retrograde open superior mesenteric artery stenting 

(ROMS) 699
retroinfusion 773
retroperitoneal hematoma, femoral access 

complication 267
REVASCAT trial 646
REVAS classification 762
REVA stent 340
reverberations, intravascular ultrasound 72, 72
ReZolve stent 340, 340
rheolytic thrombectomy, pulmonary embolism 496
RIBS IV trial 246
ridogrel 402
right anterior thoracotomy 570, 570
right atrium, transseptal puncture 586–587
right bundle branch block (RBBB), alcohol septal 

ablation‐induced 522
right coronary artery, catheter selection 34
right heart catheterization 487–490
right heart failure, hemodynamics 488
right internal mammary artery, guide catheters 46
right mammary artery grafts 203
right ventricular assist device (RVAD), pulmonary 

embolism 496
right ventricular dilatation

measurement 491
pulmonary embolism 491

right ventricular end diastolic volume (RVEDV), 
transcatheter pulmonary valve implantation 623

right ventricular outflow tract (RVOT) dysfunction
cardiac magnetic resonance 134
non‐native valve failure 622

right ventricular outflow tract stenting 621–622
complications 622
indications 622
outcomes 622
procedural technique 622

ring‐down artifacts 72, 72
Rinspiration System 238
risk stratification, platelet function testing see platelet 

function testing
RITA‐2 trial 139
RIVAL study 27, 158
rivaroxaban 386, 394, 425, 445

dosing 425
pulmonary embolism 492, 492

RoadSaver carotid stent 660, 661
ROADSTER trial 658
rosuvastatin 434
rotatable pigtail catheter, pulmonary embolism 494, 496
rotational angiography, abdominal aortic 

aneurysm 693
rotational atherectomy 224, 225, 225–227, 730

calcific lesions 226
complications avoidance 227
contraindications 227
critical limb ischemia 745
indications 226–227
in‐stent restenosis 226–227
technical considerations 225–226
tortuous vessel disease 211

rotational atherectomy burrs 44
RUBY‐1 trial 445
Rutherford Classification 738, 739

saphenous vein grafts
degenerated 202–203
popliteal artery aneurysms 735

SAPIEN 3 571, 575, 576, 629
SAPIEN valves 511, 563, 564, 623–624
SAPIEN XT 511, 571, 623, 629, 630

transcatheter pulmonary valve implantation 625
sarcoidosis 130
saturation artifact 92, 93
SCAAR registry 259, 309, 329–331, 330
Scepter balloon 674–675
Scipio trial 293
Scoreflex scoring catheter 244
scoring balloons 244
SCOT‐HEART trial 117–118
SEATTLE‐II trial 495
SECRITT trial 12
sedation, peri‐procedural 433, 433
Seldinger technique 28
selection bias 298
self‐expanding carotid stents 659, 659–660, 660

deployment 662
double‐layer mesh stent technology 660
new developments 660
selection 659–660, 660
structural/functional characteristics 659

self‐expanding intracranial stents 673
cerebral aneurysms 675

self‐expanding stents
aorto‐iliac occlusive disease 723
delivery systems 369
metallic alloys 368

SENIOR study 440
SEPIA‐ACS1 TIMI 42 trial 386
septal ablation see alcohol septal ablation (ASA)
septal hypertrophy, transcatheter aortic valve 

replacement 631
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septal surfing technique 55
serum creatinine (sCr), contrast‐induced acute kidney 

injury 274, 275
SESAMI trial 304
sew‐up artifacts 92
shadowing, optical coherence tomography 92, 93
sheath angiogram, femoral access 19
shock 163

cardiogenic see cardiogenic shock
SHOCK trial 164
shunt diagnostics 488–489
sibrafiban 398, 402, 444
side lobes, intravascular ultrasound 72
significance tests 296
silent ischemia 142
SILK flow diverter 675
SILK stent 673
SilverHawk excisional atherectomy catheter 730
Simmons catheter 647–648
Simultaneous Kissing Stent (SKS) technique 177, 179
single‐gene disorders 459–460
single nucleotide polymorphisms (SNPs)

clopidogrel response 466
coronary artery disease 460–461, 466

Sion wire 55
SIRIUS trial 303
SIROCCO trial 728
sirolimus 369

drug‐eluting balloons 245
mechanism of action 303

sirolimus‐eluting stents (SES) 303
acute myocardial infarction 304
bare metal stents vs. 303, 303, 308, 308
benefits 309
bifurcation lesions 182
BioFreedom stent vs. 353
BioMatrix stent vs. 351, 370
clinical studies 303
everolimus‐eluting stents vs. 322
FDS approval 301
late stent malapposition 82–84
left main coronary artery disease 308
metallic alloys 368
multivessel disease 304–308
myocardial infarction reduction 308
Nobori stent vs. 354
paclitaxel‐eluting stent vs. 308–309, 310
polymer coating 369
randomized trials 308–310
renal artery in‐stent stenosis 711
stent thrombosis 308
unprotected left main coronary artery disease 169
Xience stents vs. 322

skeletal myoblasts (SMs) 291
sliding plasty, posterior leaflet prolapse 596
slow‐flow phenomenon see no‐reflow phenomenon
slow‐reflow phenomenon see no‐reflow phenomenon
small vessel disease 205–207

anatomic/physiologic assessment 205
bifurcation lesions 206
clinical outcomes 206
definition 205
device delivery 206
device size 206
prevalence 205
technical aspects 206

SMART‐STRATEGY study 179
smooth‐muscle cells (SMCs) 8

apoptosis 8
Society of Thoracic Surgeons (STS) score, unprotected 

left main coronary artery disease 170
sodium bicarbonate, contrast‐induced acute kidney 

injury 276–277

sodium nitroprusside, pharmacologic drug testing  
490, 490

Solitaire Flow Restoration Stent REtriever 645–646, 
649, 650

soluble CD40 ligand (sCD40L) 10–11
SORT OUT V trial 354–356, 355
SORT OUT VI trial 348, 351
SORT OUT VII trial 355, 357, 362, 363
SoS trial 144
spasmolytic cocktail, radial artery spasm 30
spectral domain optical coherence tomography  

(SD‐OCT) 91, 92
SPIRIT II trial 319, 320
SPIRIT III trial 319, 320
SPIRIT IV trial 319, 320
SPIRIT FIRST trial 319, 320
stable angina see angina, stable
STACCATO trial 348, 351–352
STAGE studies 466, 466
STAG trial 723
stainless steel, drug‐eluting stents 313–314, 314, 

327, 368
standard deviation (SD) 298
standard error of the mean (SEM) 298
StarClose 21, 21–22, 22
StarFlex device 513
STARNET studies 466
STAR trial 707
statins

contrast‐induced acute kidney injury 278
fibrous caps, influence on 95
no‐reflow phenomenon 261
peri‐procedural MI risk reduction 434

STEALTH I trial 348
STEALTH PK trial 345, 347, 348
STEEPLE trial 410, 423, 426, 470, 471
ST‐elevation myocardial infarction (STEMI)

antiarrhythmic drugs 433
antiplatelet therapy clinical guidelines 402, 403, 404
attenuated plaque 76
direct thrombin inhibitors 412–413
drug‐eluting balloons 246
dual antiplatelet therapy 437
factor Xa inhibitors 413, 427
glycoprotein IIb/IIIa inhibitors 415, 417, 422
high platelet reactivity 455–456
index of microcirculatory resistance 69
low molecular weight heparin 410–411, 426
multivessel coronary artery disease and 187
optical coherence tomography 95
thrombus‐containing lesions 233

stem cell therapy 290–295
cell mobilization 291
cell type choice 291
chronic ischemic heart disease 293
concept, origins of 290
coronary artery bypass graft 293
mechanism of action 291
myocardial infarction 291–293

cell delivery timing 291–292
cell type 291
current trials 293
engraftment 292
homing 292
meta‐analyses 292–293
non‐BMNC cells 292
trials 292–293

national/international task forces 293
stent(s)

late malapposition see late stent malapposition (LSM)
restenosis see in‐stent restenosis (ISR)
thrombosis see stent thrombosis
see also specific types of stents and indications

stent “crush” 82, 82
stent deployment balloons 57
stent edge dissections 249–250, 251

intravascular ultrasound 81, 81
stent factors, in‐stent restenosis 218
stent fracture, transcatheter pulmonary valve 

implantation 623
stent malapposition, intravascular ultrasound 79–80, 80
stent retrievers

acute stroke 645–646
acute stroke intervention 650–651, 651

stent thrombosis
carotid angioplasty and stenting complication 668
definition 390
late see late stent thrombosis
mortality risk 391
risk prediction 392

Stentys device 182
Stingray system 196, 196
stochastic effects 283
stochastic injury 283
stress (Takotsubo) cardiomyopathy, cardiac magnetic 

resonance 130
stroke

acute intervention see acute stroke intervention
atrial septal defect closure 508, 511
balloon mitral valvuloplasty complication 616
cryptogenic see cryptogenic stroke
definition 389
left atrial appendage closure 508
percutaneous mitral valve repair complication 507
transcatheter aortic valve replacement 

complication 507, 509, 510, 511, 563–565, 565
early, pathophysiologic mechanisms 508–511
late, pathophysiologic mechanisms 511

structural heart disease interventions 517–545
antithrombotic strategies 507–516

future directions 513–514
embolism 507–508

pathophysiology 508–511
imaging for planning/guidance 629–639
stroke, pathophysiology 508–511
thrombosis 507–508

strut apposition
incomplete 96
optical coherence tomography 96–97, 103

strut malapposition, optical coherence tomography  
96–97, 102

strut orientation artifacts, optical coherence 
tomography 93

ST segment elevation, transseptal puncture 
complication 589–590

subarachnoid hemorrhage (SAH) 671
subclavian arterial disease 748–752

causes 748–749
diagnostic evaluation 749–750
endovascular management 751–752
epidemiology 748
surgical management 751
treatment 750–752

subclavian tortuosity 29
subendocardial scar, cardiac magnetic resonance 129
subfascial endoscopic perforator surgery (SEPS) 765
substantial radiation dose level (SRDL) 286, 286
suction embolectomy, pulmonary embolism 495–496
sudden cardiac death, cardiac magnetic resonance 130
“suicide left ventricle” 554
sunflower effect 93
Supera system 734
superior mesenteric artery (SMA)

embolism 702
occlusion 700, 700

acute mesenteric ischemia 698, 699
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stents 702, 703
thrombosis 702

support (device) 48–50
active 47, 48
adjunctive techniques 49–50
anchor balloon 48–49, 49
guide catheter 46–47
hybrid 47–49, 49
passive 46, 47, 48
wire 47–48

surgical aortic valve replacement (SAVR)
aortic stenosis 558
surgical risk categories 558

surgical embolectomy, pulmonary embolism 492, 493, 
493–494

surgical mitral commissurotomy 606
surgical myectomy (Morrow operation) 517

alcohol septal ablation vs. 521
SWEDEHART registry 437
SWIFT PRIME trial 645–646
SWISS‐AMI trial 292
SWISSI II trial 142–143
sympathomimetic agents, cardiogenic shock 166
SYMPHONY trial 444
Symplicity Flex catheter system 502, 503
SYMPLICITY HTN I study 501–503
SYMPLICITY HTN 2 study 503
SYMPLICITY HTN 3 study 503
Synergy everolimus‐eluting stent 331

clinical trials 331, 332
design 331

SYNERGY stent 372
SYNERGY trial 410, 426, 471
SYNTAX score

multivessel coronary artery disease risk 
stratification 187, 187

unprotected left main coronary artery disease 170
SYNTAX score II, unprotected left main coronary 

artery disease 170
SYNTAX trial 144, 168, 188, 201, 304–308

major adverse cardiac or cerebrovascular events 305, 
306, 307

SYNTHESIS Expansion 644
systemic lupus erythematosus 700
systemic vascular resistance (SVR) 488
systems genetics 465, 465–466
Syvek patch 22

TAILOR‐PCI study 466
Takayasu’s arteritis 700, 748

medical treatment 750
surgical management 751

Tampere study 759, 760
Tandem Heart 588

cardiogenic shock 164
tangential signal dropout, optical coherence 

tomography 92, 93
TAPAS trial 236–237
TARGET CABG study 455
TARGET study 423
TASTE trial 237
TAXUS I trial 301–302
TAXUS II trial 302
TAXUS III trial 301, 302
TAXUS IV trial 302
TAXUS V trial 302
TAXUS VI trial 302
TAXUS clinical trials 301–303, 302
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